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Abstract 
This thesis centres on the development of colloidal nanoparticles for the hydrogenation of 
carbon dioxide to methanol. Chapter two focusses on the synthesis of zinc oxide (ZnO) 
nanoparticles through the hydrolysis of diethylzinc in the presence of sub-stoichiometric 
quantities of organic ligands. Characterisation of the product, through a range of spectroscopic, 
diffraction and electron microscopy techniques, reveals small (3-4 nm), equiaxial, mono-
disperse ZnO nanoparticles coordinated to alkyl-carboxylate, phosphinate and sulfinate ligands. 
Detailed investigation of the dioctyl-phosphinate capped-zinc oxide nanoparticles reveals that 
increasing the loading of ligand into the reaction (from 0.05-0.33 equivalents of ligand to zinc) 
does not affect the size or morphology of the nanoparticles, rather influencing the ligand density 
and coverage of the nanoparticle surface.  
In chapter three, these partially-capped ZnO nanoparticles, mixed with copper nanoparticles, 
demonstrate catalytic activity for CO2 hydrogenation. Post-reaction analysis showed significant 
nanoparticle rearrangement, with an interface forming between the copper and the ZnO. In some 
cases, a self-assembled nanostructure is observed, consisting of a copper nanoparticle 
sandwiched between two pyramidal zinc oxide nanoparticles. The ligand has a significant effect 
on the activity of the catalyst; more reductively stable di-alkyl phosphinate ligands show 
superior activity to carboxylates. Decreasing the ligand loading on the zinc oxide nanoparticles, 
results in a higher peak activity due to the decreased ligand density exposing more of the catalyst 
surface, however the stability of the catalyst is also reduced.  
In chapter four, the interface between nanoparticles is targeted, with the goal of depositing 
copper onto the ZnO colloids through reduction and thermolysis reactions to form hybrid 
Cu/ZnO nanostructures. The most effective route entails the hydrogenolysis of mesitylcopper(I) 
on to the ZnO nanoparticles, the resulting nanocatalyst displays superior peak activity to both the 
mixed nanoparticle catalyst described above and a suspension of the commercial catalyst run 
under the same conditions. 
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Why methanol? 
The methanol economy 
Over the past two centuries, the human race has achieved an incredible array of technological 
advances from novel modes of transportation (cars, jets and trains) to new materials 
(polymers, adhesives). The development of these technologies and indeed the industrial 
revolution as a whole is thanks, in part, to the discovery of fossil fuels as a cheap, abundant, 
reliable source of energy.1 In addition to the energy provided through the burning of fossil 
fuels, crude oil also contains a huge number of valuable chemical precursors which are 
important feedstocks for everything from plastics to pharmaceuticals.2 However, the overuse 
of fossil fuels has led to an unsustainable situation, over a century later, where society is 
reliant on fossil fuels to function. One of the major challenges facing modern society is 
finding a more sustainable source of energy that can replace the supply of crude oil which 
will eventually diminish.3,4 
Hydrogen has been proposed as a green, alternative fuel; it can be synthesised from water 
using sunlight and burns cleanly to give just water.5 However, there are many drawbacks to 
replacing the current fuels with hydrogen; hydrogen is a reactive gas, which is difficult to 
compress or contain as it easily diffuses through many materials.6 Furthermore it is highly 
volatile and explosive, necessitating further expensive precautions if it is to be used 
extensively as a fuel.     
The simplest alcohol, methanol, currently finds direct applications as an antifreeze solution 
and as a laboratory solvent, however its main uses are as a chemical precursor to other 
chemical commodities and increasingly as a fuel.7 Over the past 20 years, George Olah and 
others have been promoting the so-called “Methanol Economy”, suggesting the use of 
methanol as an alternative energy storage medium and platform chemical.2,6,8 Methanol is 
liquid at room temperature and pressure making it easily transportable, unlike hydrogen.2 
Furthermore, if methanol is produced from waste carbon dioxide (vide infra) and solar-
generated hydrogen, it then combusts cleanly to recycle the carbon dioxide and water, having 
little impact on the planet in the process.4 Finally, methanol is already produced on a multi-
billion litre scale, thus much of the infrastructure and industrial know-how is already in place 
to adopt this liquid as an alternative fuel.7 
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Methanol as a fuel 
Whilst much research is being put into various alternative energy sources (such as solar, wind 
energy, nuclear or hydro-electric), over 95% of the world’s transportation energy needs are 
reliant on liquid fuel.2 For the time being, electrical energy cannot be stored on a large scale 
efficiently to replace this source of energy and a liquid medium remains attractive.9 As an 
ambient-temperature liquid fuel, methanol is a well-placed substitute and can be used with 
little change to the existing liquid-fuel infrastructure.10 Methanol can be blended together 
with gasoline and used with existing motor vehicles or, with slightly adapted engines, used 
directly as a fuel in current internal combustion road-vehicles, ships or even aircraft.10,11 
Indeed, neat methanol and methanol fuel blends are already found in China, Iceland and in 
the world of car racing.2 Methanol fuel is not perfect and challenges remain with the 
relatively low energy density, approximately half that of conventional petrol,12 as well as 
slightly corrosive and hygroscopic properties, however these hurdles can be overcome with 
technological development.10 With increased interest in fuel cell technology as an alternative 
to the internal combustion engine, methanol can also be used in a direct methanol fuel cell 
(DMFC) or as a transportable source of hydrogen in a hydrogen fuel cell powered vehicle.13  
  
21 
 
Methanol as a chemical precursor 
In addition to being a major energy source, crude oil is also the major source of chemical 
precursors required to make everything from solvents, lubricants and polymers to cosmetics 
and pharmaceuticals.14 If society is to wean itself off of crude oil, an alternative chemical 
feedstock needs to found. Methanol is already used as a chemical feedstock for some major 
commodity chemicals including acetic acid, formaldehyde and methyl tert-butyl ether 
(MTBE).2 Another important derivative is dimethyl-ether (DME), which is in itself a 
potential fuel additive but also acts as an intermediate allowing methanol to be converted to a 
huge range of hydrocarbons, similar to those found in crude oil through processes such as 
methanol-to-olefin (MTO) and methanol-to-gasoline (MTG) which are well developed 
industrially (Figure  1.1).15 With the development of these reactions, methanol could truly 
replace crude oil as the ultimate chemical feedstock.  
 
Figure  1.1 Commodity chemicals derived from methanol. Adapted from Olah et al.2  
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Methanol synthesis 
Catalytic methanol synthesis 
Methanol has been used since antiquity, as one of the products of wood pyrolysis (and hence 
known as wood-alcohol) but was only isolated and identified, from the distillation of 
boxwood, by Robert Boyle in 1661.16 Methanol continued to be obtained through the tedious 
and low-yielding process of distillation from wood until a catalytic route was developed, by 
chemists in 1920’s.17,18 The original BASF catalyst consisted of ZnO with a Cr2O3 stabiliser 
which was operated at high temperatures and pressures (250 - 350 bar and 320 - 450 °C).19 
The gas feed mainly consisted of carbon monoxide and hydrogen from the pyrolysis of coal, 
with traces of carbon dioxide and various chlorine and sulphur impurities present in the 
feedstock. Many combinations of metals and supports were tested as catalysts throughout the 
following years, and although many combinations were found to be active, few were able to 
withstand the extreme conditions and poisons in the gas stream.18 In 1966, chemists at ICI 
developed20 a “low pressure” catalyst based on a ternary mixture of Cu/ZnO/Al2O3. This 
catalyst operates at the less extreme conditions of 50-100 bar and approximately 250 °C, 
using a cleaner gas feed, consisting of CO/CO2/H2 in an approximate ratio of 10:10:80, from 
the steam reformation of natural gas. This ternary catalyst, with some minor optimisation, has 
been the industrial catalyst of choice since then, and is responsible for the majority of the 
75 billion litres generated annually across the world.21  
The ternary Cu/ZnO/Al2O3 catalyst 
The preparation of the ternary catalyst, essentially involves the co-precipitation of copper, 
zinc and aluminium salts (usually nitrates) by a carbonate, followed by ageing, washing, 
calcination and reduction procedures (Figure  1.2).12,22 Although close to 50 years have passed 
since the ternary catalyst was first developed, only recently have systematic studies begun to 
unveil why minor changes in the catalyst preparation can lead to large differences in the 
resulting activity.23-27 Co-precipitation of the precursors under optimal conditions results in 
the formation of a zincian malachite structure, once calcined and carefully reduced a well 
dispersed mixture of small (<10 nm) copper and zinc oxide nanoparticles is formed on an 
alumina support.22   
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Figure  1.2 The structure of the ternary catalyst through various preparation steps post co-precipitation. Image 
reprinted with permission from Behrens28 Copyright © 2013, American Chemical Society 
Since the discovery of the ternary catalyst in the 1960’s there has been much controversy in 
the scientific literature regarding several aspects of the mechanism, in particular, which of the 
carbon oxides (CO and CO2) are reduced to methanol.
29,30 Attempts to elucidate a mechanism 
are hindered by the conditions under which the catalyst is active and the difficulties 
associated with true in-situ observations of the catalyst in its active state. At room 
temperature and pressure, the catalyst may exist as three bulk phases of copper, ZnO and 
alumina (together with traces of other promoters and stabilisers). However, when heated to 
typical reaction conditions of, 250 °C and 50 bar of pressure, under a flow of CO2/CO and 
H2, together with a host of secondary products, the actual composition of the catalyst surface 
may be entirely different. An additional, complicating factor is the competing water gas shift 
reaction, which is likely active on the same catalyst surface (Equation  1.1c). Current findings 
relating to the mechanism of the reduction of syn-gas to methanol on the ternary catalyst can 
be found in the references below and only the aspects relevant to the thesis will be discussed 
here.18,29,31-37 
 
 Equation  1.1 a) Hydrogenation of carbon monoxide b) hydrogenation of carbon dioxide c) reverse water-gas 
shift reaction 
Early researchers assumed, logically, that the more reduced carbon monoxide is the source of 
carbon in the methanol produced, with carbon dioxide playing a minor role, or converting to 
undefined 
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methanol via a carbon monoxide intermediate through the rWGS reaction.38 Later isotopic 
studies, by Chinchen et al. proved that, in fact, carbon dioxide in the syn-gas feed is the main 
source of carbon in the methanol.39 Industrial reports consolidated this finding with 
experiments which showed that a CO2/H2 gas stream is converted to methanol at a rate over 
100 times faster than CO/H2 under the same, industrially relevant reaction conditions.
18 The 
reason for the relative increased rate of CO2 hydrogenation is explained by the fact that the 
hydrogenation of these two different precursors proceeds along a series of elementary 
reaction steps via different intermediates, with different kinetics.32    
 
Figure  1.3 Potential energy surface illustrating the different pathways of methanol synthesis from CO2, from CO 
and the reverse water gas shift reaction. Adsorbed hydrogen not displayed. Reprinted from Grabow et al.32 with 
permission Copyright 2011 American Chemical Society  
Recently Studt and co-workers proposed that because all the intermediates of CO2 
hydrogenation bind to the (Zn promoted copper) surface through a metal-oxygen bond, the 
energy barriers are low and the reaction proceeds quickly, whereas carbon monoxide 
intermediates are hindered by high energy metal-carbon surface bonds.29 This mechanism 
suggests that different active sites on the catalyst surface may favour either CO 
hydrogenation or CO2 hydrogenation, thus the ideal catalyst for the former may not be 
optimal for the latter. However, the choice of whether a CO2/H2 or a CO/CO2/H2 feed is 
preferable depends on multiple factors, and it should be noted that the syn-gas feed is more 
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easily obtained (whether from fossil fuels or biomass). Furthermore reaction equilibrium is 
shifted further towards methanol with increasing levels of carbon monoxide (equilibrium 
methanol yield is 60% from CO/H2 but only 20% from CO2/H2 at 50 bar, 227 °C).
22 
The active site on the catalyst surface has also been a contentious issue in the literature for 
many years, in particular relating to the role of the ZnO. Whilst the first “high pressure” 
methanol catalyst was based on ZnO, early researchers were of the opinion that at the lower 
pressures used in the ternary catalyst, the zinc oxide phase mainly acted as a structural 
support with all the activity taking place on the copper surface.40,41 Other researchers have 
since suggested that the ZnO plays a much bigger role in the catalyst, acting in synergy with 
the copper surface.42-45 The role of this copper - ZnO surface with regard to carbon dioxide 
hydrogenation is discussed in depth in the introduction to chapter 3.  
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Alternative catalysts 
There are many routes towards the synthesis of methanol discussed in the literature, these 
include: selective methane oxidation,46 methyl-halide hydrolysis,2 hydrogenolysis of ethylene 
glycol,47 photocatalytic reduction,
48,49
 and electro-catalytic reduction of CO2
50 as well as 
biological routes including enzymatic conversion of CO2 to methanol.
51-54 This introduction 
will focus on hydrogenation of carbon oxides, which remains the most industrially relevant 
method.53   
Heterogeneous catalysts 
In the early 1970s, researchers investigated the possibility of using precious metal catalysts 
(Rh, Ir, Pt, Pd) on a range of oxide supports for methanol synthesis.55 Precious metal 
carbonyl clusters were deposited on the catalyst support and either reduced under a hydrogen 
atmosphere or decomposed under vacuum conditions, the resulting supported nanoparticle 
catalysts were impressively active, producing methanol at atmospheric pressure from CO/H2 
at temperatures in the range 150 to 250 °C. Later researchers found that the presence of 
cationic ions of the precious metal was important for the selectivity towards methanol, 
otherwise higher alcohols could be formed.56 Traces of sulfur compounds in the gas stream 
can be a big issue as they poison the catalyst surface. Koizumi et al. treated rhodium and 
other precious metal catalysts with a diluted stream of H2S, thus creating sulfided catalysts 
which are much more tolerant to sulfur poisons than the ternary catalyst, however under a 
clean gas stream they show poor activity relative to the ternary catalyst.57 Recent studies have 
investigated Ga2O3 supported palladium catalysts, in particular for the hydrogenation of 
CO2.
58,59 Reports suggest, that like the ternary catalyst, the support has a strong effect on the 
catalyst activity, Zhou et al. demonstrated that using palladium supported on Ga2O3 nano-
plates (with mainly the (002) facet exposed) had an increased activity relative to palladium 
supported on rod form Ga2O3 (with mainly the (111) and (110) facets exposed) suggesting an 
electronic effect.60 The ternary Cu/ZnO/Al2O3 catalyst remains the industrial favourite, 
mainly due to the relative expense of the metals.2  
Researchers in the 1980’s also investigated a range of copper alloys, in particular alloys of 
copper with rare earth compounds which showed high activity for methanol from CO/H2 
mixtures even at low temperatures with selectivities similar to that of the ternary catalyst, 
although these catalysts were rapidly poisoned by traces of carbon dioxide.20 Another family 
of active alloys investigated was ThCux which showed high activity under a hydrogen rich 
feed, relative to the ternary catalyst and increased tolerance to carbon dioxide and water 
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compared to the rare earth catalysts, however deactivation issues (and presumably the relative 
cost) meant that it was never commercialised.20,61 More recently, Rodriguez and co-workers 
have investigated gold or copper nanoparticles on a TiC support as a potential catalyst for 
methanol synthesis.62,63   Extensive DFT studies showed that the TiC support induces a 
charge polarization in the metal which enhances the catalytic activity for CO2 hydrogenation, 
although these results are yet to be corroborated experimentally under industrially relevant 
conditions. Another DFT study led to the discovery of nickel-gallium alloys as highly active 
catalysts for CO2 hydrogenation to methanol.
64 In an experimental study Ni5Ga3 
nanoparticles, 5.1 nm in diameter, were deposited onto a silica surface and showed equivalent 
methanol yields to the Cu/ZnO/Al2O3 catalyst at atmospheric pressure with considerably less 
carbon monoxide production. The authors suggest that the gallium rich sites on the catalyst 
promote methanol synthesis whilst the nickel rich sites promote carbon monoxide formation 
(through the rWGS reaction), any carbon monoxide produced specifically poisons the nickel 
rich sites, resulting in high methanol selectivity.      
Homogeneous catalysts 
Early work on the homogeneous hydrogenation of carbon dioxide employed strong reducing 
agents such as silanes and boranes and frustrated Lewis pair reagents in stoichiometric 
quantities.65-68 The catalytic hydrogenolysis of CO2 to methanol with homogeneous reagents 
is an emerging field and utilises the unique qualities of ruthenium complexes in carbon 
dioxide activation. Initially homogeneous catalysts employed indirect routes; the Milstein 
group synthesised ruthenium pincer complexes (such as 1 in Figure  1.4) which catalyse the 
hydrogenation of urea or dimethyl carbonate to methanol, at less than 14 bar and 110 °C, 
with a turnover number up to 4400.69,70 These reactants are themselves derived from carbon 
dioxide in high yielding, atom efficient reactions, thus overall this represents the indirect 
hydrogenation of carbon dioxide to methanol. In 2011 Sanford and co-workers developed a 
cascade approach that formed methanol from carbon dioxide in a one-pot reaction. 
Ruthenium and scandium based complexes were used to hydrogenate carbon dioxide to 
formic acid, which was then esterified with methanol to form methyl formate, finally the 
methyl formate was further hydrogenated with a second ruthenium complex to form 
methanol.71 Placing all the three catalysts (1,3 and 4 in Figure  1.4) together in the reactor 
gave a low turnover number (TON) of 2.5 at a temperature of 135 °C and 40 bar total 
pressure, although separating out the scandium triflate catalyst increased the TON to 21. The 
catalyst also required a large excess of alcohol (methanol or ethanol) to be present in the 
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solvent, the reason proposed for this is that the alcohol reacts with the formic acid 
intermediate, forming an ester, which is more easily reduced than the acid. Recently, the 
Sanford group also published an alternative scheme, which combines carbon dioxide capture 
(with dialkylamines) and hydrogenation of the resulting carbamate salt, using another 
ruthenium catalyst (5 in Figure  1.4) to methanol and recycling the amine.72  In parallel, 
Khusnutdinova et al. used a similar strategy, employing valinol (2-amino-3-methyl-1-
butanol) to capture carbon dioxide at just 1 bar with a CsCO3 catalysts and then in the same 
pot hydrogenating the resulting oxazolidinone to methanol, with a ruthenium pincer catalyst 
(6), recycling the valinol with an overall carbon dioxide to methanol yield of over 50%.73    
  
Figure  1.4 Literature catalysts employed for the direct and indirect hydrogenation of CO2 to methanol. Catalyst 
2 represents the proposed active species, where S is a solvent molecule. 
Based on Milstein’s catalyst, Wesselbaum et al. synthesised the first single catalyst able to 
directly form methanol from CO2 hydrogenation directly.
74 The ruthenium pincer complex 
(structure 2 in Figure  1.4), in addition to a small amount of organic acid, together with excess 
alcohol resulted in turnover numbers of up to 221, at pressures of 80 bar. A subsequent study 
found that it was also possible to complete the catalytic cycle, without the need to prepare the 
ester intermediate, thus additional alcohol was not required.75 As opposed to the other 
homogeneous catalysts being discussed above which are still operating in batch mode, 
Wesselbaum et al. demonstrated that their catalyst also operates in a biphasic system, with 
the catalysts dissolved in a methyl-THF layer and the methanol accumulating in the aqueous 
phase. This development is a first step towards a continuous flow set-up, which could allow 
homogeneous catalysts to one-day compete with the more established heterogeneous catalysts 
on a larger scale. 
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Liquid phase methanol synthesis 
In parallel to the development of alternative catalysts there has been significant research, both 
academic and industrial, on development of the existing ternary system.17,22,54 In addition to 
the minor adaptations to the ternary catalyst used industrially (such as the addition of small 
amount of promoters and stabilisers) there have also been improvements to the reactor 
engineering for producing methanol, focussing on improving yield, efficiency and catalyst 
life.17,53 One interesting development is the use of the ternary catalyst in the liquid phase.27,76-
78 Developed by Chem Systems, the liquid phase methanol synthesis process uses a catalyst 
based on the same Cu/ZnO/Al2O3 ternary structure, however it is ground to a fine powder and 
suspended in an inert solvent (such as mineral oil) in a slurry reactor.77  
The major advantage of the three phase setup is that the liquid medium helps remove excess 
heat and maintain a uniform temperature throughout the reactor.79 The methanol synthesis 
reaction is exothermic, thus in a traditional two-phase reactor (gas & solid), the temperature 
often has to be maintained to prevent a thermal runaway and catalyst damage.76 Often the 
temperature is controlled by limiting the loading of the carbon oxide gases and cooling the 
reactor with recycled hydrogen gas, the reduced carbon content limits the methanol yield per 
pass and clearly results in increased costs.79 The liquid phase reaction allows for much higher 
carbon loadings increasing the conversion per pass and limiting the costly need for gas 
recycling.80 A further advantage for the liquid phase reaction is that it allows for rapid 
stopping and starting of the reactor, which can be advantageous for processes that require 
methanol on demand (such as the conversion of off-peak electricity into liquid fuel).79,81,82 In 
a traditional two-phase reactor, the sudden cooling or removal of feedstock gas can 
irreversibly damage the catalyst, the presence of the liquid phase is proposed to have a 
damping effect which prevents the temperature ‘shock’ that damages the catalyst.   
Finally, by dispersing methanol in a liquid phase, spent catalyst can be easily removed and 
replaced while the reactor is still running. 44 The ability to easily replace the catalyst on the 
go, is extremely beneficial commercially as the process of decommissioning the reactor, 
replacing the catalyst and reactivation can take a significant amount of time and be a large 
hindrance industrially, particularly when the methanol synthesis reactor is directly piped into 
larger infrastructure (e.g. syn-gas production or downstream reactors such as methyl acetate 
production). Although the liquid phase methanol synthesis process has some very promising 
attributes a major limitation that is holding back commercial uptake of this technology is the 
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higher deactivation rate of the catalyst when dispersed in a liquid medium (0.17-1.0 % 
deactivation per day).27,81  
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Colloidal nanoparticles from organometallic complexes 
Nanoparticles have become increasingly important in recent decades, finding applications in 
a range of fields from solar cells to bio-medicinal.83 Nanoparticles can be prepared through a 
large range of methods, including milling of bulk materials, sputtering, vapour deposition, co-
precipitation and sol-gel methods.84,85 Chaudret, Bawendi and others have pioneered a 
method of forming nanoparticles through the reduction or decomposition of organometallic 
precursors in solution.86-90 There are several advantages of this approach; organometallic 
complexes decompose readily, allowing for the preparation of nanoparticles of controlled 
morphology, size and monodispersity under mild conditions.91 Furthermore, the metal moiety 
in organometallic complexes is often found in a reduced oxidation state, obviating the need 
for strong reducing agents which can affect the resulting surface chemistry of the 
nanoparticle. In addition, making nanoparticles from organometallic precursors, is an 
extremely clean method of producing them, as the only side-products are either gaseous at 
room temperature (e.g. CO, H2, ethane) or form inert solvent molecules, unlike the halide and 
main group contaminants that can be produced through other methods.90 This cleaner reaction 
also means that less purification steps are needed and often the organic solutions that the 
catalysts were prepared in can be used directly in catalysis or other applications.92  
Ligand effects  
When synthesising nanoparticles in a colloidal environment it is extremely important to 
consider the impact of any ligands. These ligands, (also known as capping groups, stabilisers 
or surfactants) take on multiple roles during different phases of the nanoparticle nucleation 
and growth, and have a strong influence on the resulting nanoparticle both in terms of 
intrinsic stability and solubility, but also catalytic, plasmonic and other properties.93,94 It is 
worth noting that within the colloidal environment there are many molecules present which 
will interact with the nanoparticle surface, both during synthesis and after. These molecules, 
including precursor ligands, solvent molecules, reducing agents and degradation products, all 
influence the nanoparticle growth and properties and thus can be considered ligands.  
Colloidal nanoparticle synthesis is proposed to go through the mechanism of La Mer 
(Figure  1.5), who suggests that nanoparticles form through three stages: supersaturation (I), 
nucleation (II) and growth (III).95 In the first step, monomers (either individual atoms or 
molecular units that make up the nanoparticle) are generated rapidly from precursor 
complexes, until these monomers supersaturate the solution. Once the concentration reaches a 
critical saturation point the monomers will rapidly nucleate forming nanoparticle seeds and 
32 
 
the monomer concentration will drop. Finally in the last stage, the remaining monomers will 
add to the nanoparticle in a growth process, but no more seeds will be generated.  
 
Figure  1.5 La Mer plot, growth of nanoparticle against monomer concentration. Image reprinted from Na et 
al.96 with permission © Springer Science+Business Media New York 2013  
Classical nucleation theory states that a crystal will nucleate if it can form a critical size at 
which it will remain stable (Equation  1.2). This can then be used to derive a rate of nucleation 
(Equation  1.3).  
  
Equation  1.2 Critical size of nucleant to remain stable. Where rcrit is the radius of a spherical particle, γ is the 
surface energy and ∆Gv is the free energy of the bulk crystal. Temperature T, Boltzmann’s constant kB, the 
supersaturation of the solution S, and its molar volume, v. 
 
Equation  1.3 Rate of nucleation, where A is a pre-exponential factor 
This second equation tells us that the rate of nucleation is strongly dependant on the 
temperature, the surface free energy and the supersaturation concentration.97 Both of these 
latter aspects are strongly affected by the ligand, as the ligand both decreases the surface free 
energy of the resulting crystal and strongly determines the supersaturation with monomer.  
Two main aspects of the ligand that effect this nucleation are: 
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• The ligand metal bond-strength will determine both the ligand effect on the surface 
free energy of the crystallite and also determine the stability of precursors affecting 
monomer formation. 
• Changing either the length of the ligand chain or the concentration of the ligand, has 
the effect of preventing monomer units approaching one another, limiting the 
“effective monomer concentration” and lowering the rate of nucleation.98  
Thus, the ligands will affect the rate and hence number of nuclei created. The number of 
nuclei generated and the concentration of monomer in solution has a direction relationship 
with the size of the resulting nanoparticles. If most of the monomer is depleted in the 
nucleation reaction, then the nanoparticles will remain as small seeds, however if the 
monomer concentration remains high post nucleation, then the nanoparticles will continue to 
grow. Peng and co-workers have demonstrated that through careful ligand selection, the rate 
of nucleation and growth can be controlled affecting not only nanoparticle size and 
morphology but also crystal structure.98 
The ligands also play a major role during the growth stage of the nanoparticle formation. Due 
to the different surface energies of different facets of the crystal, or simply due to the steric 
constraints of the ligands, the ligand often binds selectively to certain sites (edges, corners, 
specific facets) on the nanocrystal (see Figure  1.7).83,99,100 This selective binding has the 
effect of lowering the surface energy of these facets, slowing their relative growth rate whilst 
the other facets continue to grow resulting in the creation of anisotropic nanoparticles.104 
Alivisatos and co-workers were able to prove this concept by growing CdSe nanoparticles of 
several different shapes (rods, arrows, teardrops, tetrapods) through the selective binding of  
hexylphosphonic acid to (001) face of the growing crystal, during the decomposition of 
organometallic precursors in hot solvent.101  
The ligand can also control the growth of the nanoparticle in other ways: under certain 
conditions, (usually in mixtures of immiscible solvents) the ligand/surfactant molecules will 
form micellar structures which can act as templates for the resulting nanoparticles. Pileni and 
co-workers have worked extensively on studying how controlling the structures of these 
templates can lead to nanoparticles of different morphologies.102-104 Increasing the water 
content in a bis(2-ethylhexyl)sulfosuccinate copper(II)-isooctane solution changes the shape 
of micellar structure and the resulting copper nanoparticles from spheres, to rods to 
cylinders.103 
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Figure  1.6 Growth of spherical silver nanoparticles a), into octahedrons b), or cubes c), using trisodium citrate 
(Na3CA) or polyvinylpyrrolidone (PVP) ligands which selectively bind to the {100} or {111} facets respectively, 
d) (image reprinted from Zeng et al.105with permission Copyright © 2010, American Chemical Society). e) 
Templated growth of copper nanoparticles of different shapes formed from the reduction of 
bis(2-ethylhexyl)sulfosuccinate copper(II) in isooctane with increasing water content.(image reprinted from 
Pileni103 with permission Copyright © 1997, American Chemical Society). 
Once the nanoparticle has formed, the ligand still has a role in nanoparticle interaction; the 
presence of the ligand on the nanoparticle surface creates a steric or electrostatic barrier, 
preventing nanoparticle coalescence. Nanoparticle coalescence is usually undesirable, 
particularly for catalytic applications as it results in loss of surface area and lower 
solubility.106 However, in some cases, the use of ligands which selectively bind to specific 
nanoparticle facets can be used to direct the orientated attachment of nanoparticles, allowing 
spherical nanoparticle to form long nanorods chains. Polleux et al. used an amine diol ligand 
to align 5 nm spherical TiO2 nanoparticles which attached to form long crystalline nano-
chains hundreds of nanometres in length whilst the diameter remained unchanged.107  
Nanoparticles are able to grow in solution through a process known as Ostwald ripening. This 
mechanism works when the particle surface is in a state of dynamic equilibrium, with 
individual monomer units dissolving and being re-deposited on the particle surface, smaller 
particles will dissolve more readily than larger ones, so over time the particles will ripen (also 
increasing mono-dispersity).97 Ligands on the nanoparticle will affect the equilibrium 
between monomer units by altering the solubility of these monomer units.92 Furthermore, in 
some cases additional ligands can result in the opposite process where the small clusters are 
more thermodynamically stable than large nanoparticles, which will be digested, decreasing 
the average size.108,109 Samia et al. found that addition of oleic acid was able to “digest” 
trioctylphosphine oxide capped cobalt nanoparticles forming small cobalt cluster 
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complexes.110 Removal of excess oleic acid allowed the monodisperse 10 nm nanoparticles to 
regrow, through the Ostwald ripening process.  
Ligands can also be used to control the superstructure of nanoparticles in solution, 
interactions between the ligands on different nanoparticles can bring them together to form 
2D or 3D super-lattices.111-113 Pagés et al. studied ZnO nanoparticles with a combination of 
alkylamine and long chained carboxylic acids, and were able to form super-lattice structures 
in solution through the interdigitation of chains in a bilayer structure.114  
 
Figure  1.7 Overview of some of the important nanoparticle features and ligand interactions. (Central 
nanoparticle is a model of a gold nanoparticle constructed by Barmparis et al.115 © 2015 Barmparis et al. 
reproduced under a CC-BY-2.0 licence) 
Ligands also affect the chemical and physical properties of nanoparticles.116 The plasmonic 
properties of metallic nanoparticles are important for optical applications. The size and shape 
of the nanoparticle have been shown to affect the surface plasmon resonance (SPR) peak.99 
Wei et al. have demonstrated that the SPR peak of monodisperse silver nanoparticles also 
changed when changing the ligand from a thiol to an amine or even when changing the chain 
length.117 Barrière et al. studied how the ligand affected the oxidation stability of copper 
nanoparticles; using NMR techniques, it was shown that amine molecules stabilised the 
copper surface, by binding strongly to the outer layer of Cu+ preventing further oxidation, 
whereas phosphonic acids (and presumably carboxylic acids) in fact digest the copper surface 
upon exposure to air forming Cu2+ clusters and leading to a decrease in nanoparticle 
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size.118,119 For biochemical applications, the ligands are important for selective interactions 
specific proteins and cells.116 The ligand chain length has also been found to have an effect 
on the nanoparticle stability; another study on the oxidation resistance of copper 
nanoparticles found that longer chains slowed oxidation presumably by limiting diffusion of 
oxygen to the particle surface.120 The same group also observed that oleic acid showed 
increased oxidation stability relative to lauric acid, an effect attributed to the “kink” in the 
oleic chain, preventing the alkyl chains stacking, which can form channels for oxygen to 
rapidly diffuse to the surface.98,119,121 The ligand also plays a significant effect in colloidal 
nanocatalysts, as will be discussed further in the following section. 
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Colloidal nanocatalysis 
A natural progression from dispersing a heterogeneous catalyst powder in solvent (see 
discussion above of Liquid phase methanol synthesis), is to create a catalyst that is even finer 
to the extent that it is soluble in the solvent. This burgeoning field, known as “soluble 
nanocatalysts” uses catalytically active particles (usually less than 10 nm in one dimension) 
suspended in a liquid medium as the catalytic agent.122-124 Also known as “semi- or quasi-
homogeneous catalysis”, these catalysts have some of the characteristics of both 
homogeneous and heterogeneous catalysts.125 Such catalysts have been known since the 
1980s, but the increasing scientific knowledge and facilities available to characterise 
materials on such a scale has enabled a huge increase on the reports of these 
nanocatalysts.126,127 
The advantages of using a nanocatalyst system are manifold, the most obvious is that smaller 
particles have a larger percentage of the atoms in the surface layer; in contrast to 
heterogeneous catalysts, where much of the active material is not at the surface and thus not 
involved in the reaction. Nanoparticle catalysts can maximise the amount of the active 
material involved in the reaction.124 The maximising of surface area to volume ratio can be 
particularly valuable for precious metal catalysts, where the cost of the metal is limiting. 
Furthermore, as a result of the confined size of the particles, the atoms may not order 
themselves in the same configuration as in the bulk material giving rise to unique activities 
and altered selectivity.123 Narayanan et al. produced platinum nanoparticles in various 
different shapes and demonstrated that an electron transfer reaction was catalysed more easily 
by the corner and edge sites giving rise to significantly higher activities in tetrahedral 
nanoparticles than near spherical.128 In addition, in some cases the confinement of the 
electrons in the nanoparticles is so restricted that it gives rise to quantum effects which can 
result in entirely new catalytic properties.129  
As well as superior catalytic properties, nanocatalysts can be beneficial as model 
compounds.130 Schwartz offered a modern distinction between heterogeneous and 
homogeneous catalysts; whereas homogeneous catalysts have a single active site, 
heterogeneous catalysts are defined by the multiple active sites available.131 Advances in 
nanoparticle synthesis, using a bottom-up approach has enabled chemists to create far more 
control over size, shape and other properties and provide a solid surface with only one type of 
surface site available. By studying the reaction on the controlled surface of a nanocatalyst, 
one can learn about how the reactants interact and how the catalyst behaves, in contrast to the 
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complex environment and multiple reaction pathways often available on a heterogeneous 
catalyst surface. For many nanocatalysts, such a detailed knowledge of active surface sites 
are yet to be realised.132 However progress is being made; Jones et al. recently described a 
method of selectively blocking either terrace sites or edge sites of palladium nanoparticles, 
resulting in ultra-selective decomposition of formic acid, leading to a detailed understanding 
of the reaction mechanism.133    
Having nanoparticles ‘dissolved’ in solvents allows the chemist to access typical 
homogeneous characterisation techniques such as and in-situ IR, NMR and absorption 
spectroscopy which enables reaction analysis in ways inaccessible to heterogeneous 
catalysts.134 In a typical example, Mulvany and co-workers monitored the reduction of 
hexacyanoferrate(III) in the presence of gold nanocatalysts by optical absorption 
spectroscopy, demonstrating that the mechanism of reaction is altered by the presence of the 
gold.135 Moreover, the unchanging surface plasmon resonance (SPR) peak of the gold 
nanoparticles demonstrated that the gold surface does not change through the reaction. In 
another example, detailed NMR studies have been used to describe the surface and surfactant 
interaction of colloidal nanoparticles.136,137  
Compared to nanocatalysts deposited on a support material, colloidal nanocatalysts have 
increased surface area, as well as other degrees of freedom, which mean potentially higher 
activity.134 However, the high surface energy of nanocatalysts means that when dispersed in 
solution they will often aggregate, reducing surface area and diminishing catalytic activity.126 
Thus, an important aspect of all colloidal nanocatalyst systems is the stabilisation of the 
nanoparticles. The major stabilisation methods can be summarised as a) electrostatic: using 
the charged anions on surface of the nanoparticles so that they repel each other, b) steric: 
using bulky ligands (e.g. polymers or dendrimers) to prevent the nanoparticle centres from 
coming in close contact. It is also possible to use a combination of the two methods, 
employing bulky anionic groups on the nanoparticle surface.138  The choice of stabilisation of 
method will depend on the nature of the reaction for which it is needed, with electrostatic 
stabilisation being more suitable for nanoparticles dispersed in polar solvents such as 
water.122 
An inherent problem with the stabilisation of these colloidal nanocatalysts, is that the ligand 
required to prevent aggregation also interacts with the nanoparticle and can block active sites, 
diminishing activity. Yan et al. present several examples of catalysts which demonstrate an 
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inverse correlation between the stabilisation strength of the ligand and the catalyst activity.132 
So, to achieve maximum yield, in many cases a balance needs to be struck between the 
catalyst activity and the long term stability of the catalyst. Nevertheless, ligands can also be 
advantageous towards catalysis; for a well-defined nano-catalyst, ligands can be selected 
which preferentially bind to certain sites on the nanoparticle surface (such as specific facets 
or edges) increasing selectivity by blocking active sites for competing reactions.111  
Ligands can also control the reaction in a number of other ways; for example, they can 
provide steric barriers allowing only specific reactants access to the surface, or the packing 
density of ligands can determine orientation of reactants as they reach the surface.94 Ligands 
can also affect the surface chemistry of nanoparticles through a charge transfer process, using 
a PVP surfactant on the surface of a gold nanoparticle increases the electron density on the 
surface, increasing activity; on the other hand, gold nanoparticles will donate electrons 
towards thiol ligands, decreasing the electron density at the surface.94 As knowledge of 
nanoparticle- ligand interactions improves, coupled with better controlled nanoparticle 
morphology, selection of appropriate ligands is expected to result in increased reaction 
control utilising ligand selection similar to that of homogeneous organometallic catalysis.139  
One of the issues experienced in scaling homogeneous catalytic reactions, when run in batch 
mode, is the retrieval and separation of the product from catalyst.140 This issue can also be 
problematic for colloidal nanocatalysts, common solutions involve either running the catalyst 
in a biphasic mode or using magnetic nanoparticle cores so that the catalyst can be extracted 
magnetically.134,141  However, with a continuous flow reactor, the retrieval of the catalyst is 
less of an issue and the ‘solubility’ of the catalyst in liquid medium can be advantageous for 
the rapid replacement of spent catalyst (vide supra). 
Within the context of methanol synthesis, colloidal nanocatalysis is a more complicated 
endeavour than just dispersing metallic colloids in a solvent. As discussed above, the 
methanol synthesis reaction is not catalysed by copper alone, but requires the presence of a 
promoting support such as ZnO (see also introduction to Chapter 3). Multi-component 
(hybrid) nanocatalysts are of interest for many reactions, including plasmon enhanced 
photocatalysis, CO oxidation and water splitting.142 Several authors have attempted to 
develop colloidal hybrid nanocatalysts for methanol synthesis, their work is summarised in 
the introduction to Chapter 4.  
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Project aims and scope 
This thesis aims to study the synthesis of colloidal nanoparticles with a view to their 
application as nanocatalysts for the methanol synthesis reaction.   
Previous work established that hydrolysis of diethylzinc and ethylzinc carboxylate in organic 
solvent led to colloidal ZnO nanoparticles capped with carboxylate ligands.143 A beneficial 
property of this synthesis is that small, monodisperse nanoparticles (<4 nm) can be formed 
with only a small, adjustable quantity of ligand.144 These nanoparticles have potential 
catalytic qualities as the limited ligand is thought to provide plenty of access to the surface 
for small reactant molecules.145  
The first objective of this thesis is to explore the synthesis of these nanoparticles, expanding 
the synthesis to ligands with different headgroups and chain lengths. Two ligand groups of 
interest are alkylsulfinates and dialkylphosphinates, these both share a similar OO binding 
motif to carboxylates, however differ in pKa. Furthermore the additional alkyl chain on the 
dialkylphosphinate ligand may alter the nanoparticle synthesis, effecting particle morphology 
and/or properties.     
 
Figure  1.8 General one-pot reaction for the formation of capped ZnO through the hydrolysis of diethylzinc with 
various ligands. Changing the ratio of n:m is proposed to alter the ligand coverage density.    
The partially capped ZnO nanoparticles are interesting to study for their potential as colloidal 
catalysts. In particular, it is interesting to study the effect of the ligand on the catalytic 
activity; it is proposed that reducing the ligand density on the nanoparticle may offer more 
access to the nanoparticle surface increasing activity. The second objective of this thesis aims 
to utilise the ZnO nanoparticles formed together with colloidal copper nanoparticles to 
develop a nanocatalyst system for the hydrogenation of carbon dioxide to methanol 
(Figure  1.9). The nanocatalyst is also of interest, characterisation of the nanoparticles post 
reaction may reveal how the nanoparticles behave within the reactor.  
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Figure  1.9 Carbon dioxide hydrogenation to methanol over a colloidal mixture of copper and ZnO 
nanoparticles in a continuous-flow stirred tank reactor.   
The final objective is to move beyond simple nanoparticle mixtures, aiming to design a 
hybrid nanoparticle catalyst, by combining a copper and zinc oxide domain in the same 
nanoparticle colloid. Starting with the colloidal zinc oxide nanoparticles, several strategies 
are available for depositing or growing one or more copper nanoparticles on the surface of 
the ZnO, to form a hybrid nanoparticle (Figure  1.10). The improved interface between the 
copper and the zinc oxide is proposed to lead to improved catalytic properties. 
Characterisation of the hybrid nanoparticles their catalytic abilities will lead to a better 
understanding of how this interface can be formed and how use of ligands and variation of 
parameters can lead to improved catalytic properties in terms of activity, selectivity and 
stability.  
 
Figure  1.10 Organocopper deposition on ZnO surface to form a colloidal Cu/ZnO hybrid nanostructure. 
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  Chapter 2
 
 
 
Surfactant controlled synthesis of ZnO 
nanoparticles 
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Introduction 
Zinc oxide is a naturally occurring mineral, cheaply available, with a wide bandgap, high 
refractive index, it has a number of different commercial applications especially in the 
cosmetics industry and in the manufacture of rubber and cement. Over the last two decades 
there has been much interest in nano-particulate ZnO, for its uses in catalysis and 
antibacterial applications amongst others.146 Zinc oxide nanoparticles can be generated 
through a number of different techniques including ball milling and vapour deposition, as 
well as hydrothermal, sol gel, and organometallic thermolysis and hydrolysis.147 
 
Figure  2.1 The hexagonal Wurtzite crystal structure of ZnO, both the zinc (the small yellow spheres) and the 
oxide (larger red spheres) are tetrahedral. ZnO is polar along the c-axis (in the direction [001] indicated). 
Diagram from Onodero et al.148Published by InTech under a CC-BY 3.0 licence.     
Ball milling involves grinding a crystalline powder precursor using a heavy metal ball to 
compress the powders into small fragments. In mechano-chemical milling, a zinc salt such as 
ZnCl2 is milled together with Na2CO3; the pressure and the heat of the milling results in a 
surface reaction generating ZnCO3 nanoparticles which can then be calcined to form ZnO 
nanoparticles.149 More recently, high energy ball milling has allowed the direct milling of 
bulk ZnO to nanoparticles as small as 30 nm.150 These ball milling techniques are cheap to 
run and can be easily scaled for industrial production of nanoparticles, however they tend to 
lead to wide size distributions of nanoparticle diameters, with irregular morphology and the 
lack of any surface groups makes it impossible to prevent nanoparticle agglomeration.  
Vapour deposition can be achieved by heating either metallic zinc under a strong vacuum to 
achieve vaporised zinc, or zinc complexes in a carrier gas which then condenses in a cool gas, 
or on a surface, and oxidises to form zinc oxide nanoparticles; these nanoparticles can be 
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further functionalised by the co-deposition of a suitable ligand.151 However, these routes once 
again led to broad size distributions.  
Another common method is the hydrothermal route, in this process, solutions of zinc salts are 
mixed with a basic solution and left stirring in a hot autoclave, resulting in the precipitation 
of ZnO. The precipitate is then washed and dried at high temperatures, the exact choice of 
zinc salt and base, as well as variables such as pH, pressure, temperature and reaction time 
give rise to different nanoparticle morphologies.152 Recently, the effect of supercritical 
conditions,153 sonication154 and microwave synthesis155,156 have all been investigated resulting 
in many different shapes and sizes of ZnO nanocrystals. A more chemically specific method, 
known as sol-gel synthesis, involves the formation of a solution (sol) of oxygenated zinc 
species which then undergoes a series of hydrolysis, condensation, and aggregation reactions 
resulting in a gel, further removal of solvent leads to nanoparticles. The sol-gel method can 
be used to produce a very monodisperse nanoparticle size regime as small as 3 nm. Detailed 
study on the nanoparticle growth mechanism has revealed the existence of “magic- sized” 
zinc oxoacetate clusters which are thought to template the formation of the ZnO nuclei 
resulting in the monodisperse nature of the nanoparticles.157-159 
 
Figure  2.2 Aggregated ZnO nanoparticles produced by ultrasonic irradiation of Zn(OAc)2 with LiOH. Image 
reproduced from Qian et al.154 with permission © RSC 2003  
Organometallic zinc precursors such as zinc alkoxides have long been known to generate 
ZnO upon degradation at high temperatures; however, only more recently has this method 
been purposefully used to form nanoparticles.160,161 Generally, the method involves the 
thermolysis of organometallic zinc complexes in the presence of an oxygen source, either in 
the organometallic complex itself, in the solvent or as a gas, to form the metal oxide. Shim et 
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al., first formed small ZnO nanoparticles from the thermal decomposition of diethylzinc in 
decane solvent at 200 °C, under an oxygen atmosphere, in the presence of trioctyl phosphine 
oxide (TOPO) surfactant.162 O’Brien and co-workers, used the thermal decomposition of zinc 
acetate, with oleic acid and trioctylamine at 286 °C to form ZnO nanorods with a 2 nm 
diameter.163 Hambrock et al. found that the decomposition of a single precursor 
[MeZnOSiMe3]4, in the presence of hexadecylamine at 160 °C, gave a colloidal dispersion of 
ZnO nanoparticles which were as small as 2-3 nm in diameter.164 An advantage of the 
thermal decomposition route is that it reduces the formation of Zn-OH surface groups, often 
found using aqueous methods, which may be detrimental for certain applications.164 
 
Figure  2.3 ZnO nanoparticles and nanorods prepared by the slow hydrolysis of bis(cylohexyl) zinc a) in dilute 
octylamine solution b) in neat octylamine. Image reproduced from Monge et al.165 with permission Copyright © 
2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
An alternative method for the production of ZnO nanoparticles is the controlled hydrolysis of 
organozinc precursors.165 The Zn-C bond is polarized and rapidly hydrolyses to form Zn-OH 
bonds, which, through a series of condensation reactions form zinc oxide.166 This reaction 
offers the opportunity of forming ZnO nanoparticles without the need for intensive heating 
which can result in nanoparticle sintering and annealing. In 1963, Herold et al., studied the 
reaction of diethylzinc with isopropanol and water and suggested it may be forming ZnO in a 
colloidal suspension.167 In 1986, Heistand and Chia reacted diethylzinc with tert-butanol to 
form ethylzinc-t-butoxide which was then hydrolysed, with a solution of water in ethanol. 
Initially nanoparticles with 15 nm crystallites were formed, which rapidly agglomerated to 
form larger particles. The Chaudret group found that bis(cyclohexyl) zinc hydrolysed in 
various wet solvents, or when exposed to air, and formed small ZnO nanoparticles. The 
choice of amine terminated or carboxylic acid terminated surfactant as well as solvent, 
concentration, temperature and reaction duration afforded control over the exact size and 
morphology of the resulting nanoparticles (Figure  2.3).165 In a further study, the effect of the 
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concentration of the zinc precursor in solution and the ratio of the metal to ligand were 
examined. The higher concentrations led to more anisotropy and more heterogeneous particle 
morphologies. Similarly, increasing the ratio of the ligand to the metal precursor led to ZnO 
nanorods up to 120 nm.168 Furthermore this synthesis route led to ZnO nanoparticles with a 
range of interesting properties including emission effects resulting from specific surfactant- 
nanoparticle interactions and formation of 2D and 3D nanoparticle lattices controlled by the 
choice of specific ligand mixtures.114,169,170  
 
Figure  2.4 Ethylzinc acetate structure from the mixing of bis(acetate) zinc and diethylzinc in toluene. Image 
from Orchard ref. 143   
A similar approach was used in our group for the formation of carboxylate capped ZnO 
nanoparticles.143 It was previously reported that mixing a solution of diethylzinc with sub-
stoichiometric quantities of bis(carboxylate) zinc, such as bis(stearate) zinc, in coordinating 
solvents enables the formation of well-defined ethylzinc carboxylate clusters, with a  ratio of 
3:2 ethyl to carboxylate groups (Figure  2.4).171 When these clusters were carefully 
hydrolysed together with excess diethylzinc, they formed ZnO nanoparticles, with a 3-4 nm 
diameters and the carboxylate acting as a surfactant ligand (Figure  2.5).143,144,172 Surprisingly, 
the loading of bis(carboxylate) zinc did not affect the size or morphology of the nanoparticle, 
which remained at 3-4 nm. Careful analysis of the nanoparticles, indicated that the loading of 
the bis(carboxylate) zinc precursor affected the amount of ligand bound to the nanoparticle 
surface, resulting in a facile method of controlling the nanoparticle surface coverage 
(Figure  2.6).  The implication of this result is that nanoparticles can be produced with 
‘vacant’ surface sites, not occupied by a ligand, which should then be available for further 
functionalisation or catalytic applications.   
52 
 
 
Figure  2.5 The hydrolysis of ethylzinc carboxylate clusters in toluene to form carboxylate capped ZnO, 
developed by Orchard143,171 
 
Figure  2.6 Illustration of ZnO nanoparticles produced from hydrolysis of diethylzinc in the presence of 
increasing quantities of bis(carboxylate) zinc. The nanoparticles remain the same size but the amount (and 
density) of ligand around each nanoparticle increases.   
This discovery led to the conclusion that the rapid hydrolysis of the ethylzinc bond 
(nucleation step) is much faster than the intramolecular condensation (propagation step), 
which in turn results in uniform, monodisperse nanoparticles. This hypothesis was further 
confirmed by slowing the rate of hydrolysis (by exposing the ethylzinc carboxylate species to 
a low humidity environment, rather than direct injection of the aqueous solution). As a result, 
the nucleation step was slowed, meaning that there was a relative increase in propagation 
rate, so that the final nanoparticle diameter did indeed become dependent on the loading of 
ligand. Others researchers have also observed that nanoparticle size is dependent on ligand 
loading when using a slow hydrolysis method.173  
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Scope 
Whilst the influence of simple alkyl carboxylates on the formation of nanoparticles are 
understood, little is known about the use of other ligands in this reaction. As seen above, in 
many systems, the choice of ligand plays a major role in influencing the nanoparticle 
characteristics, from size and morphology to stability and surface chemistry. This chapter 
focusses on the further development of ZnO nanoparticle synthesis, studying the influence of 
a series of non-hydrolysable ligands during the rapid hydrolysis of diethylzinc.  
To compare with the carboxylate ligand, phosphinate and sulfinate ligands were chosen, 
which all have a common O-O chelating group; however they differ in number of alkyl 
chains, head-group size and stability (as indicated by pKa). The nanoparticles produced were 
characterised by various spectroscopy (NMR, IR, UV-Vis), microscopy (TEM), and other 
techniques (X-ray diffraction, TGA, DLS) to measuring their size, shape, crystallinity and 
surface properties. The influence of ligand loading on the nanoparticles will be explored with 
regard to the phosphinate ligand and the influence of a more coordinating carboxylate ligand 
will be examined.  
   
  
54 
 
DOPA capped ZnO nanoparticles 
The first objective was to test the rapid hydrolysis of diethylzinc in the presence of dialkyl 
phosphinate ligand. Phosphinic acids have been used since the 1950s, in particular for uses in 
heavy metal extraction from water and for fire retardation properties.174-181 Although dialkyl 
phosphinic acids have a similar binding motif to carboxylic acids, the lower pKa (~3.5 for 
dioctyl phosphinic acid vs. ~4.8 for stearic acid) and the additional alkyl chain may result in 
changes to the nanoparticle formation and properties.182,183 Vioux and co-workers note the 
particular stability of M-O-P bonds for coating TiO2 and recommend organo-phosphorus 
coupling molecules for capping of metal oxide particles.184 Recently there have been a few 
reports describing their use as a surfactant in nanoparticle synthesis.185 Jiajun  et al. used 
phosphinic acid ligands to form modified aluminium hydroxide nanorods, which were found 
to increase the fire retardation properties when dispersed in epoxy resins.180  
Cadmium selenide (CdSe) is an important semiconducting material with a Wurtzite structure 
(like that of ZnO), nanostructured CdSe shows strong quantum confinement affects and as 
such there is interest in forming CdSe nanoparticles and nanorods for various photo-voltaic 
applications. The surface functionalisation of CdSe nanostructures has been much studied, as 
the ligands can exert optical and electronic properties on the nanoparticles.186 Although CdSe 
nanowires are often synthesised with a trioctyl phosphine oxide (TOPO) ligand, a 
comprehensive study by Wang et al. found that commercial TOPO often contains significant 
traces of di-octylphosphinic acid (DOPA-H) and other organo-phosphorus compounds.187-189 
The researchers showed that the presence of DOPA-H ligand has a substantial effect on the 
morphology of the nanoparticles, resulting in long thin nano-wires rather than small uniaxial 
particles. This result by Wang et al. highlights the importance of the ligand on the resulting 
nanoparticles and was a further motivation for the use of DOPA-H as an alternative capping 
ligand for ZnO nanoparticles.  
In this thesis, DOPA-H was synthesised using the hypophosphorous acid route (see 
Figure  2.7), however substituting the carcinogenic benzene solvent with the less-toxic toluene 
which enabled equivalent yields.189 The product was repeatedly recrystallized until a single 
signal was observed at 60 ppm in 31P{1H}(CDCl3) NMR spectroscopy. 
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Figure  2.7 Synthesis of DOPA-H i) Catalytic benzoyl peroxide, ethanol, distilled water reflux at 97 °C for 48 h. 
ii) Work up with benzene or toluene, 1M HCl solution. iii) recrystallised from hot heptane. Yield 15% 
Bis(di-octylphosphinate) zinc was prepared by the reaction of zinc acetate with the DOPA-H, 
following a literature procedure, to form a waxy material.190 NMR and IR spectroscopy were 
used to confirm purity, matching literature values.   
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Standard synthesis of DOPA capped ZnO nanoparticles 
Di-octylphosphinate capped ZnO nanoparticles were produced as outlined in the reaction 
scheme below (Figure  2.8), using an analogous method to the stearate capped nanoparticles 
produced by Katherine Orchard, replacing the bis(stearate) zinc with bis(di-octylphosphinate) 
zinc.143,144 As with the carboxylate synthesis, the ethyl and phosphinate groups are expected 
to undergo ligand exchange leading to the formation of ethylzinc phosphinate clusters which 
hydrolyse to form the nanoparticles.  
An alternative route was found, which produces the ethylzinc phosphinate clusters directly 
from a mixture of diethylzinc with an appropriate quantity of DOPA-H, which is then 
hydrolysed as previously. Both methods generated identical ZnO nanoparticles (as seen by 
UV-Vis and IR spectroscopy as well as TEM, XRD). The latter method was used for the 
synthesis of subsequent nanoparticles, obviating the need to prepare the zinc salt.  
In a typical example, the phosphinic acid was dissolved in dry, degassed, toluene and stirred 
with five equivalents of diethylzinc for 16 hours. Under anaerobic conditions, a solution of 
water, in acetone, was added carefully, under rapid agitation to the mixture which, resulted 
initially in gas evolution. The solution went from colourless to a light yellow colour, before 
forming a thick gel phase, which dissolved after a few minutes to form a clear, colourless 
solution. The addition of further acetone resulted in a white precipitate which was isolated by 
centrifugation. The product was washed by re-dispersing in toluene, and precipitating again 
with excess acetone. Toluene residues were removed by washing with further acetone and the 
final product was air dried to give a translucent pellet, which could be crushed to yield a 
waxy white solid. The product was easily redispersed in organic solvents such as toluene, 
THF, diethyl ether, chloroform and dichloromethane.  
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Figure  2.8 Illustration of the general synthesis of phosphinate capped ZnO nanoparticles acid. Upper: from 
bis(di-octylphosphinate) zinc  i) Toluene, 16 h, followed by rapid addition  of water (2 equiv) in acetone 
(0.4 M), stir 2 h. . Lower: from dioctyl phosphinic acid ii) Toluene, 16 h, followed by rapid addition  of water (2 
equiv) in acetone (0.4 M), stir 2 h.. In both cases, wash with toluene and acetone. Yield 96% 
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ZnO nanoparticle characterisation  
Characterisation of the capped nanoparticles can be essentially sub-divided into two broad 
categories. In the first category, the core of the nanoparticle is characterised using techniques 
such as XRD, UV-vis spectroscopy and TEM to analyse the composition, size, crystallinity 
and morphology of the ZnO crystallite. In the second category, the surface of the 
nanoparticle, in particular the ligand shell and its interaction with the nanoparticle core is 
analysed using techniques such as NMR and IR spectroscopy as well as DLS and TGA.  
XRD analysis of the nanoparticle showed broad peaks which matched those of Wurtzite form 
of crystalline ZnO (Figure  2.9). There was an additional feature at approximately 21°, 
attributed to the chain packing of the alkyl groups in the DOPA-H ligand.191 The two clearest 
peaks, (102) and (110), were fitted and the full-width half maximum (FWHM) was obtained 
to give a crystallite size using the Scherrer equation, based on three different samples an 
average of 3.6 ± 0.6 nm was obtained, similar to that of stearate capped ZnO nanoparticles.192 
This should be considered a lower bound to the size, as although the broadening due the 
instrumentation has been taken into account, there may also be contributions from lattice 
strain or imperfections, which cannot be accurately deconvoluted in this size regime.193 The 
(102) plane has a component in the c-axis, which the (110) does not, so a comparison of the 
broadening of these two peaks can be used to give an indication of the anisotropy in the 
crystallites, in this case the broadening was very similar, so the crystallites can be assumed to 
be equiaxial.    
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Figure  2.9 X-ray diffraction pattern of DOPA capped ZnO nanoparticle, with matching reference peaks for 
Wurtzite ZnO (PDF 00-036-1451) 
UV-vis spectroscopy of the nanoparticles showed a broad absorption below 360 nm, 
considerably blue-shifted compared to that of bulk ZnO (Figure  2.10). Such a hypsochromic 
shift is caused by quantum confinement and can also be used to calculate the nanoparticle 
diameter using the Meulenkamp approximation.194 The wavelength at which the absorption is 
50% of that at the excitonic shoulder λ1/2 was obtained by differentiation for several samples 
and an average size of 4.0 ± 0.8 nm was calculated. Larger particles will absorb more 
strongly than smaller ones, giving a disproportionately more intense signal, as such the size 
obtained from the UV-Vis spectroscopy are volume weighted and may therefore be bigger 
than the true modal particle width.143  
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Figure  2.10 UV-Vis spectrum of a standard DOPA capped ZnO nanoparticle in toluene 
HR-TEM analysis showed monodisperse near-spherical nanoparticles (Figure  2.11a). The 
nanoparticles were well dispersed on the grid with little evidence of agglomeration or 
overlapping, due to the presence of the ligand. High resolution images showed the 
nanoparticles to each consist of a single crystalline domain, with no grain boundaries being 
observed, suggesting a single nucleation, rather than nanoparticle growth through the 
coalescence of smaller nanoparticles (Figure  2.11c). The size distribution of the nanoparticles 
was obtained by measuring the dimensions of hundreds of nanoparticles across several 
different samples an average nanoparticle size was obtained of 3.1 ± 0.6 nm (Figure  2.11b). 
The small ligated ZnO nanoparticles seen in the TEM have poor contrast against the carbon 
background, which makes it difficult to accurately define the ZnO boundary. Furthermore the 
thicker and more crystalline centre of the nanoparticle is likely to appear darker than less 
defined nanoparticle outer layers, which may explain why the nanoparticle diameter 
measured is smaller than that obtained from the XRD analysis.       
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Figure  2.11 a) TEM image of standard DOPA capped ZnO Nanoparticles, made from DOPA-H Insert: b) size 
distribution of nanoparticles and Gaussian fitting of the distribution c) HR-TEM image of single nanoparticle 
The thermogram obtained by TGA of the nanoparticles was obtained under a nitrogen 
atmosphere (Figure  2.12). A small weight loss of less than 3% is seen from room temperature 
to 120 °C, assigned to loss of residual solvent, this is followed by a major weight loss of 33% 
between 350 °C to 550 °C, mainly due to decomposition of the organic ligand. The 
thermolysis is proposed to leave a variety of P4O10, Zn(PO3)2, Zn4P6O19, Zn2P2O7 and ZnP2O7 
species on the ZnO surface as seen in the decomposition of related zinc phosphinate and 
phosphate capped ZnO structures.195,196 The 33% weight loss under a nitrogen atmosphere, 
corresponds well with the 32.5% drop in weight expected due to loss of the alkyl chains. It is 
worth noting that any P4O10 formed is likely to sublime or evaporate leading to further weight 
loss, which may result in some error, however an IR spectrum of the ash showed peaks at 952 
and 993 cm-1 corresponding to phosphorus oxide stretches, indicating that at least some of the 
phosphorus is still present.197 
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Figure  2.12 TGA thermogram of standard DOPA capped ZnO nanoparticle 
Infra-red (IR) spectroscopy is a useful technique to understand the nature of the interaction of 
the ligand with the ZnO surface. The absorptions at ~ 2850 cm-1 and 2920 cm-1 correspond to 
the methylene C-H symmetric and asymmetric stretches in the alkyl chains.   
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Figure  2.13 Infra-red spectra of DOPA-H, Zn(DOPA)2 and ZnO nanoparticles capped with DOPA ligand 
The P-O stretches are also informative, regarding the possible modes of interaction with the 
surface. Comparing the nanoparticles capped with DOPA to the free ligand, there was a 
significant disappearance of the stretch at 970 cm-1 corresponding to the P-OH bond 
(Figure  2.13).198 Upon forming the nanoparticle two new peaks appear at 1050 cm-1 and 1131 
cm-1, which are assigned to the symmetric and assymetric PO		stretches.198,199 Furthermore 
the absence of any significant stretches in the 1280–1295 cm-1 region corresponding to P=O 
bonds indicates that the ligand is binding to zinc on the nanoparticle in a chelating fashion 
through both oxygen atoms. Gillmann studied several metal-dioctylphosphinate structures 
and found that the separation between the symmetric and antisymmetric P-O stretch can be 
indicative of the mode of bonding (Figure  2.14).200 The symmetrically bound phosphinates 
display a narrower separation in wavenumber between the symmetric and antisymmetric 
stretches. In the case of the phosphinate capped ZnO, the separation of 81 cm-1 matches that 
of the bis(dibutylphosphinate) zinc polymer which has a separation of 80 cm-1 suggesting a 
bridging structure (type III).201 It is also worth noting that the nanoparticles show more 
intense symmetric stretches than antisymmetric, and broader peaks unlike the zinc 
bisphosphinate polymers, this can be ascribed to the multiple binding modes expected on the 
various different facets, edges and vertices of the nanoparticle. 
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Furthermore there was a noticeable broad peak at approximately 3400 cm-1 corresponding to 
surface hydroxyl groups or adsorbed moisture. This surface hydroxyl is thought to arise either 
during synthesis or as a result of adsorption of atmospheric moisture on the ZnO surface 
during work-up. For stearate capped nanoparticles, this feature also appears and can be 
removed through heating, as the water dissociates from the surface, it is assumed that this is 
also the case for the phosphinate capped nanoparticles.145 These hydroxyl surface groups are 
significant in that they demonstrate that some of the ZnO surface is accessible to atmospheric 
gases, an important attribute for catalysis.   
 
Figure  2.14 Proposed binding modes of phosphinic acids to metals (adapted from reference 200) 
Whereas IR spectroscopy can be informative about the arrangement of the ligand on the 
nanoparticle surface in the solid state, NMR spectroscopy is a useful technique to study 
ligand – nanoparticle interactions in solution.137,202 When the nanoparticles were dissolved in 
solution the NMR spectra were observed to change significantly over the next few hours 
(Figure  2.15b), suggesting considerable ligand rearrangement upon dissolution, this process 
is not yet fully understood and is the subject of further investigation, which will be reported 
elsewhere. The NMR spectra presented and discussed hereafter are of the nanoparticle after 
24 hours, once the spectra remained constant. The DOPA capped nanoparticle NMR spectra 
(1H and 31P{1H}) show both changes to the chemical shift as well as much broader peaks, 
relative to the free ligand (Figure  2.15a and 4.9c). The reason for these changes are due to a 
number of effects including slow tumbling time of the nanoparticle and the ligand interacting 
with different facets of the nanocrystalline surface.203   
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Recent papers have investigated alkylamine ligands on ZnO nanoparticle surfaces, finding 
that there are three binding regimes, with some of the ligand strongly bound, some weakly 
associated and some ligand free in solution.136,203 One might expect that an ‘X’ type 
phosphinate or carboxylate ligand would be more strongly bound to the metal oxide surface 
than the neutral amine ligand. However, 1H and 31P{1H} NMR spectra of nanoparticle 
solutions contain both sharp and broad features indicative of strongly bound and weakly 
bound ligands. The sharp features do not match up exactly with the free ligand peaks, 
demonstrating the sharper set of peaks are unlikely to be free ligand, rather they are either 
weakly bound ligands reapidly exchanging on off the nanoparticle surface or they exist in a 
separate phase as a more defined cluster.   
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Figure  2.15 a) 1H NMR spectra of the DOPA capped ZnO nanoparticles (above) compared to the free DOPA-H 
ligand (below). b) Evolution of 1H NMR spectrum of DOPA capped ZnO nanoparticles over time as ligand 
groups rearrange. C) 31P{1H} NMR spectra of DOPA capped ZnO and free ligand (below). D) Illustration of the 
different methylene NMR environments responsible for the peaks observed. The peak marked with a star is 
residual toluene solvent.  
DOSY-NMR spectroscopy also showed two distinct sets of peaks (Figure  2.16). The first 
relates to the ligands which are strongly bound to the nanoparticle and slowly diffuse with 
nanoparticle as it tumbles through solution. The second set  of peaks, with a faster diffusion 
co-efficient, are thought to correspond to an equilibrium between weakly bound ligands and 
any free ligand in solution.203 Diffusion analysis also gives a diffusion coefficient for these 
strongly bound ligands, as the ligand is diffusing at the same rate as the nanoparticle, this 
number corresponds to the rate of diffusion of the nanoparticle.  
	D
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Equation  2.1 Stokes – Einstein equation 
Stokes – Einstein equation relates the rate of diffusion (D), to the hydrodynamic diameter of 
the nanoparticle (DH), where KB is the Boltzmann constant, T is temperature, η is the 
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viscosity of the solvent.137 For these nanoparticles the equation yielded a diameter of 5.2 nm, 
which corresponds well with a 3.5 nm wide nanoparticle core with a ligand shell of 0.85 nm 
either side, proving that the nanoparticles do not aggregate significantly in solution. Although 
the length of the DOPA molecule is considered to be equal to that of TOPO, at 0.99 nm, the 
octyl groups may not point perpendicular to the nanoparticle surface, and the ligand length is 
well within the margin of error.204 
 
Figure  2.16 DOSY 1H(CDCl3) NMR of DOPA capped ZnO nanoparticles. The upper set of peaks corresponds to 
the strongly bound ligands which diffuse slowly with the nanoparticle and the lower set weakly bound ligand 
which diffuse more rapidly. Traces of acetone marked with a star. 
Dynamic light scattering (DLS) measures the Raleigh scattering of light hitting a particle to 
determine particle diffusion, which relates to particle size using the same Stokes- Einstein 
equation discussed earlier (Equation  2.1). The diameters recorded relate to the hydrodynamic 
diameter of the nanoparticle, which is the ZnO core in addition to the sphere of ligands bound 
to the surface. The modal size of 5.6 nm recorded is similar to that obtained through the 
NMR- DOSY analysis and matches well with the other size measuring techniques (XRD, 
UV-vis, TEM). A single size distribution between 2 and 12 nm was measured, with no 
evidence of a second distribution of free ligand. However, the diffusion coefficient of the free 
ligand, based on the peak recorded in the NMR-DOSY, is expected to give a peak at 1.9 nm 
and may overlap with the lower end of the size distribution recorded.      
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Figure  2.17 Dynamic light scattering distribution of DOPA capped ZnO nanoparticles dispersed in toluene. 
Average of 3 scans. 
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DODPA capped ZnO nanoparticles 
For a more direct comparison with stearate capped nanoparticles, dialkyl phosphinic acid was 
synthesised with 18 carbons in each alkyl chain. This novel ligand was prepared, in a low 
yielding reaction, by adapting the previous synthesis from hypophosphorous acid by Wang et 
al.189 Nanoparticles were produced through hydrolysis in the same manner as the DOPA 
capped nanoparticles described previously (Figure  2.8).  
 
Figure  2.18 Characterisation of DODPA capped ZnO nanoparticles. a) TEM brightfield image of single ZnO 
nanoparticle b) diffraction filtered image of nanoparticles c) XRD pattern of nanoparticles corresponding to 
Wurtzite ZnO (PDF 00-036-1451), d) IR spectrum of DODPA on the nanoparticle surface.  
Characterisation of the product through IR and NMR spectroscopy as well as XRD, TEM 
techniques showed the nanoparticles to be a similar in size and morphology to the DOPA 
capped nanoparticles prepared previously (Figure  2.18). TEM showed small, near-spherical, 
particles, with lattice spacings corresponding to ZnO. The zinc oxide, with long organic 
chains has very poor contrast against the carbon film (Figure  2.18a). However, by filtering 
the electron diffractogram to only show images with a lattice spacing matching ZnO, allowed 
the crystalline nanoparticles to easily be located (Figure  2.18b).205 Using the peak broadening 
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in the XRD pattern, the crystallite size was calculated as 3.4 nm (Figure  2.18c). Another 
notable feature in the XRD is the large, broad peak at 21° 2θ, this peak is associated with the 
crystal packing of organic chains, it is unsurprising that the longer chains present in the di-
octadecyl phosphinate ligand are more likely to align themselves, this can also be seen in the 
IR spectrum (vide infra).       
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Varying the loading of DOPA-H 
As previously mentioned, the synthesis of these nanoparticles proceeds via an initiation step: 
which consists of the hydrolysis of the ethylzinc bonds, followed by the much slower, 
propagation step involving the intermolecular condensation of the zinc hydroxide clusters to 
form a nanoparticle. The presence of the non-hydrolysable ligand prevents the continued 
agglomeration of nanoparticles and acts to solubilise the nanoparticle. 
In the case of carboxylate capped ZnO, as studied extensively by previous group members, 
the presence of the non- hydrolysable ligand does not affect the process of the nanoparticle 
growth, so changing the sub stoichiometric loading of ligand in the initial diethylzinc/toluene 
solution has no significant effect on the size of the resulting nanoparticle.143,144 The same 
phenomenon was observed for dioctyl phosphinate ligands; ZnO nanoparticles were 
synthesised with a range of different ligand loadings (from 0.05 to 0.33 equivalents of 
DOPA-H to Zn) and the nanoparticle size determined using XRD, TEM and UV-Vis 
spectroscopy. (See Figure  2.19 below for XRD). In all cases, the nanoparticles were 3-5 nm 
in diameter with no correlation between ligand loading and nanoparticle size. 
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Figure  2.19 XRD patterns for the ZnO nanoparticles, prepared with different loadings of DOPA-H. All particles 
gave spectra corresponding to Wurtzite ZnO (PDF 00-036-1451), peak broadening gave nanoparticles 3-5 nm 
in diameter. Data has been digitally smoothed to remove noise. 
TGA was used to quantify the amount of the ligand on each nanoparticle. Increasing the 
loading of DOPA-H gave a corresponding increase in weight loss, centred at 400 °C. As 
discussed earlier the surface-bound DOPA ligand is expected to thermally decompose into a 
range of zinc phosphate and phosphorus oxide derivatives (P4O10, Zn(PO3)2, ZnP2O7, 
Zn4P6O19 and Zn2P2O7) and the exact distribution of these products is likely to change 
depending on the amount of phosphinate on the zinc surface. In most cases, the weight losses 
corresponded with expected loss of the alkyl chains, within 1% of the expected value, 
however for the higher loadings of DOPA-H the weights deviated further from the expected 
values (Table  2.1).  
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Figure  2.20 TGA thermograms of ZnO nanoparticles prepared with different loadings of DOPA-H ligand (from 
0.05 to 0.33 equivalents of DOPA-H to Zn). The sample [L]/[Zn] = 0.25 was taken on a different instrument 
resulting in a slightly different peak onset. 
 
Table  2.1 Experimental and calculated weight losses for ZnO nanoparticles, with different loadings of DOPA-H 
ligand. 
Ligand/ Zn Weight Remaining at 600 °C 
(%) 
Expected Weight (%) 
(based on loss of two octyl chains) 
0.05 88 88 
0.10 79 79 
0.13 76 75 
0.20 67 67 
0.25 63 63 
0.33 60 58 
 
IR spectroscopy of the nanoparticles, showed little change with increasing DOPA, indicating 
that the ligand was bound to the nanoparticle through the same mode irrespective of DOPA-H 
loading (vide infra). However, the intensity of the broad peak at 3400 cm-1, exhibited a 
reverse correlation with the DOPA-H ligand loading. This peak is assigned to surface 
hydroxyl groups (Zn-OH, or Zn-OH2) and the increasing intensity is seemingly indicative of 
diminishing surface coverage by the DOPA-H ligand. This trend corresponds well with the 
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hypothesis that lower loadings of ligand results in nanoparticles with partially exposed 
surface capped with Zn-OH or Zn-OH2 moieties. 
 
Figure  2.21 Infrared spectra of ZnO nanoparticles prepared with varied loading of DOPA-H ligand. The peak 
at 3400 cm-1 increases in intensity, relative to the CH2 stretches as ligand loading falls. Spectra normalised to 
the asymmetric CH2 stretches at ~2920 cm
-1. 
The ligand bound to the surface is responsible for the solubility of the nanoparticle, so 
unsurprisingly nanoparticles with lower ligand loadings were harder to redisperse in solvent. 
Nanoparticles prepared with 0.2 equivalents of DOPA-H per zinc could be dispersed in 
toluene (up to 16 mg/mL) to give a clear solution, whereas the sample prepared with half the 
ligand loading had a much lower solubility of 2.5 mg/mL. 
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Sulfinate capped ZnO nanoparticles  
Another class of ‘X’ type ligands, the alkyl-sulfinic acids might be expected to behave 
similarly to the dialkylphosphinic acids and alkyl carboxylic acids. As a parallel to the 
bis(stearate) zinc, bis(octadecylsulfinate) zinc was formed from the reaction of 
1-octadecylsulfonyl chloride with zinc using an adapted literature procedure.206 The 
formation of the product, a poorly soluble white powder, was confirmed by elemental 
analysis, NMR and IR spectroscopy.  
 
Figure  2.22 Illustrated synthesis of alkyl sulfinate capped ZnO nanoparticles 1) Toluene, 16 h ii)  2  equivalents 
of water per diethylzinc in acetone, stir 2 h. and wash with toluene and acetone. 
Hydrolysis of a mixture of diethylzinc in the presence of the bis(alkylsulfinate) zinc, resulted 
in the precipitation of a white powder (Figure  2.22). The product was poorly soluble, making 
characterisation by UV-vis spectroscopy difficult. XRD showed low intensity, broad peaks 
corresponding to Wurtzite ZnO. An accurate size could not be obtained due to the low 
intensity of the peaks, however peak broadening suggests the crystallites were less than 5 nm 
on average.  In addition to the peaks corresponding to ZnO, other peaks were recorded at 
lower angles (20 - 25° 2θ), these peaks correspond to the bis(alkylsulfinate) zinc starting 
material. The most likely reason for the appearance of the starting material is that the initial 
stage of the reaction is dependent on mixing of the diethylzinc with the carboxylate/sulfinate 
salt, resulting in ligand exchange and formation of ethylzinc carboxylate/ethylzinc sulfinate 
species. In the case of the sulfinate, this ligand exchange reaction may not proceed so 
efficiently due to the increased stability of the zinc-sulfinate or the poor solubility of the 
starting material. As a result, some of the bis(sulfinate) zinc starting material may not have 
been involved in the reaction, and remained as a spectator throughout the hydrolysis process. 
This also explains the poor solubility of the product, as some of the “solubilising ligands” 
were not found on the nanoparticle surface.  
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TEM analysis of the sample confirmed the presence of nanoparticles, the particles were found 
to be monodisperse in size, and <5 nm in diameter. There was no evidence of particle 
agglomeration, suggesting that there was enough sulfinate on the surface to prevent 
coalescence between the nanoparticles.  
 
Figure  2.23 TEM image of octadecylsulfinate capped ZnO nanoparticles on a holey carbon film  
The infrared spectrum of the product displayed stretches 938 and 972 cm-1, typical of the S-O 
symmetric and anti-symmetric stretches in a metal sulfinate complex (Figure  2.24). Sulfinates 
can bind to metal through either the sulfur atom or either of the oxygen atoms or both.207 In 
this sample the infrared absorption frequencies suggest the sulfinate is bound through the 
oxygen, and the small separation between the peaks suggests a bridging structure, however a 
monodentate bond cannot be ruled out.207,208   
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Figure  2.24 Infrared spectrum of octadecyl-sulfinate capped ZnO Nanoparticles 
 
Tolylsulfinate capped ZnO  
An alternative, more soluble zinc sulfinate was produced, employing a literature method from  
tolyl-sulfonyl chloride to form a bis(tolylsulfinate) zinc.206 This product was dissolved in 
toluene, together with excess diethylzinc and hydrolysed to form ZnO nanoparticles, as 
previously (Figure  2.25).  
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Figure  2.25 Illustration of the tolylsulfinate capped ZnO synthesis. i) Toluene, 16 h ii)  2  equivalents of water 
per diethylzinc in acetone, accompanied by loss of ethane, stir 2 h. iii) Wash with toluene and acetone.  
In this case the reaction went to completion, with only peaks corresponding to ZnO found in 
the XRD analysis. The Scherrer equation was used to establish an average crystallite size of 
3.4 nm, similar to results obtained for carboxylate and phosphinate capped nanoparticles. 
However, in the TEM, images showed round nanoparticles, with very high size 
polydispersity (Figure  2.26). This polydispersity is proposed to be a result of the rigid 
sulfinate ligand employed, which was unable to prevent agglomeration of the small 
crystallites compared to the sterically hindered stearate or octyl-alkyl groups. The difference 
in results between the tolylsulfinate and octadecylsulfinate capping groups highlights the 
effect of the ligand on the nanoparticle both during, and after, synthesis.     
 
Figure  2.26a) XRD and of tolyl-sulfinate capped ZnO nanoparticle. Reference peaks for Wurtzite ZnO (PDF 00-
036-1451) b) TEM image of the same sample showing polydisperse nanoparticles sizes 
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PEG capped ZnO nanoparticles 
Long chain carboxylates and di-octyl phosphinate ligands have proven to be useful in 
forming small ZnO nanoparticles that are dispersible in organic solvents. Whilst dispersing 
ZnO nanoparticles in organic solvents can be useful in certain applications, in other cases the 
dispersal of ZnO in more polar solvents is preferable. ZnO nanoparticles ligated by 
polyethylene-glycol (PEG) were attempted, to generate ZnO nanoparticles soluble in a broad 
set of solvents.   
To form a suitable head-group to bind the PEG ligand to the nanoparticle, mono-methyl 
hydroxyl terminated PEG was oxidised using a standard literature procedure to form a 
carboxylate terminated PEG chain (Figure  2.27).209 The formation of the acid was confirmed 
by 1H NMR, 13C{1H} NMR and IR spectroscopies.  
 
Figure  2.27 Synthesis of carboxylate terminated PEG. i) acetone, -15 °C.  ii) dropwise addition of 
chromium(VI) oxide in sulphuric acid and distilled water, stirred 16 h rt. iii) product dissolved in additional 
water and iso-propanol, extracted with chloroform to yield clear oil,  quantitative.  
The carboxylate terminated methoxy-PEG was dried using azeotropic distillation from 
acetonitrile and then dissolved in toluene with five equivalents of diethylzinc and stirred 
overnight. The product was hydrolysed to give ZnO, as described earlier (Figure  2.28). The 
toluene solution remained clear, and the solvent was removed under vacuum to give a 
translucent product which was then re-dissolved in minimal toluene and precipitated using 
hexane and washed with further toluene/hexane.  
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Figure  2.28 Illustration of PEG capped ZnO nanoparticle synthesis  i) Toluene, 16 h ii)  2  equivalents of water 
per diethylzinc in acetone, accompanied by loss of ethane, stir 2 h. removal of solvent and washed with toluene 
and hexane..  
IR spectroscopy of the nanoparticles, showed a shift in the ν(C=O) stretch from 1740 cm-1 in 
the free ligand to a new pair of peaks at 1598  cm-1 and 1412 cm-1 in the nanoparticle, 
suggesting that the carboxylate groups were bound to the metal oxide surface (Figure  2.29). 
The difference between the symmetric and asymmetric C-O stretch (∆ν) can be used to assign 
the binding mode of carboxylate to the nanoparticle surface. Interestingly, the PEG 
carboxylate capped nanoparticles have a ∆ν of 186 cm-1 which is typical of a monodentate 
coordination mode. This is different to that found in the stearate capped ZnO nanoparticles, 
which had the ∆ν at 165  cm-1 which is typical of a bridging coordination mode.143 Although, 
more detailed analysis has found that stearate capped ZnO has some monodentate 
coordination present too, reflecting the multiple coordination modes on the complex 
nanoparticle surface.145 The reason for the increased monodentate binding found in the PEG 
carboxylate capped ZnO can be ascribed to the much longer ligand chains which may force 
the binding mode to change to accommodate the extra steric bulk.      
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Figure  2.29a) IR spectrum of carboxylate terminated PEG ligand and PEG capped ZnO nanoparticles. b) 
Enlarged section, comparing the carboxylate peaks with those in the stearate capped ZnO (in both cases 0.2 
equivalents of ligand per zinc). 
XRD showed that ZnO had been formed, the (002) peak was noticeably sharper and more 
intense relative to the (100) peaks, suggesting some anisotropy along the c-axis (Figure  2.30). 
The Scherrer equation gave crystallite diameters of 6 nm in the planes which intersect the c-
axis and 4 nm in the other directions. This was also backed up by HR-TEM images of the 
nanoparticles which showed slightly elliptical morphology (Figure  2.31). 
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Figure  2.30 XRD of PEG capped ZnO nanoparticles, with noticeable anisotropy when compared to DOPA-H 
capped ZnO. Referenced to Wurtzite ZnO (PDF 00-036-1451) 
The reason for this anisotropy may be to do with the way the ether linkages along the PEG 
chain align with the growing nanoparticle. The ether linkages in the PEG chains can 
coordinate to surface sites, blocking certain facets and resulting in the different rate of growth 
of each direction causing anisotropic nanoparticles. Such effects are known in the literature 
and often different mixtures of ligands are employed to purposely direct nanoparticle growth 
and affect the morphology.168,210 Similar results were observed in the amine-PEG capped 
ZnO nanoparticles prepared by Rubio-Garcia et al.173 In the presence of high quantities of 
PEG ligand (>1 equivalent), 4 nm equiaxial nanoparticles were formed, however, when the 
quantities of ligand were reduced (≤0.5 equivalents of ligand) larger rod like nanoparticles 
were produced. The interaction between the ether linkages and the nanoparticle was 
evidenced by shifts in the 1H NMR spectra.173   
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Figure  2.31 a) DOPA and PEG – carboxylate capped ZnO nanoparticles, in a water-hexane mixture under UV 
illumination. In the case of DOPA capped nanoparticles the emission can be seen in the upper hexane layer 
while the PEG capped nanoparticles in the water layer. b) HR-TEM of PEG capped ZnO nanoparticle, 
The nanoparticles were dispersed in a mixture of hexane and water. The fluorescence of the 
ZnO in the PEG coated nanoparticles could be clearly seen under UV illumination in the 
water layer, as opposed to the DOPA-H coated ZnO nanoparticles which are insoluble in 
water and are dissolved in the hexane layer.  
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Discussion 
Ligand packing 
Based on the similarity, both in terms of size and morphology, of the nanoparticles produced 
with di-alkylphosphinate and alkyl-sulfinate ligands, to those achieved with carboxylate 
ligands it can be surmised that these nanoparticles all grow through a similar mechanism. 
However more careful analysis of the infra-red spectroscopy, indicates how the ligand is 
arranged on the nanoparticle surface and may explain some of the differing properties of 
these nanoparticles. The absorptions at ~ 2850 cm-1 and 2920 cm-1 correspond to the 
methylene C-H symmetric and asymmetric stretches in the alkyl chains. The exact position of 
these stretches gives an indication of how ordered the alkyl chains are on the nanoparticle 
surface. For wavenumbers ≤ 2848 cm-1 and ≤ 2918 cm-1, the alkyl chains are considered to be 
‘crystalline’ with all trans conformations, indicating regular packing of the chains. While 
peaks shifted to higher values > 2918 cm-1 and > 2848 cm-1 indicate a more disordered 
‘liquid’ conformation, with some gauche configuration in the alkyl chain.211,212 The DOPA-H 
ligand in its solid state has absorptions at 2844 cm-1 and 2915 cm-1 indicating crystallinity; 
however, for the polymeric bis(di-octylphosphinate) zinc or when situated on the ZnO 
nanoparticle surface, these absorptions shifted to 2852 cm-1 and 2922 cm-1 showing more 
disorder (Figure  2.13).  
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Figure  2.32 Infrared spectra of stearate, octadecylsulfinate, DODPA and DOPA capped ZnO nanoparticle (0.2 
equivalents ligand:zinc in all cases) Data has been normalised (along the Y-axis) to give all the ν(CH2)asymmetric 
peak the same intensity for easier comparison. 
Figure  2.32 shows the alkyl chain CH2 stretches on the DOPA, DODPA, stearate and 
octadecylsulfinate capped nanoparticles. The DOPA capped nanoparticles clearly have a 
more ‘liquid’ chain arrangement which is mainly an effect of the shorter chain length, though 
the geometry imposed by the two alkyl groups on the phosphinate compared to the 
carboxylate may also contribute to less regular packing. On the other hand, the DODPA 
capped ZnO nanoparticles have the most crystalline alkyl chains, this can be explained by the 
fact that the DODPA group has two alkyl chains per headgroup, as such the alkyl chains are 
more densely packed and are forced into a more ‘regular’, crystalline conformation. A sharp 
set of regular peaks between 1180 – 1350 cm-1 confirmed the presence of all trans alkyl 
chains in these samples.98  
There was also some indication that a having a higher ligand loading during the synthesis 
resulted in more crystalline ligand packing. The asymmetric CH2 stretch shifted slightly in 
wavelength from 2921 to 2923 cm-1 upon decreasing the ligand loading from 0.33 to 0.05 
equivalents of ligand per zinc, corresponding with a decrease in ligand density (vide infra).    
The packing of the alkyl chains can have considerable effects on the properties of the 
nanoparticles, nanoparticles with more disordered alkyl chains are more easily dispersed in 
solvent, as they are more likely to interact with the solvent molecules. On the other hand, 
more crystalline chains may experience a stronger interaction between the chains than with 
the solvent, so will not dissolve. Tadmor et al. found that the crystalline packing in of stearic 
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chains was responsible for the Fe3O4 nanoparticles being non-dispersible in hexadecane 
solvent, whereas the oleate capped nanoparticles (which have more disordered chains due to 
the kink causes by the alkene bond) dispersed easily.121 Yu et al. have suggested that the gaps 
between the crystalline domains in the ligand results in channels through which gas 
molecules may diffuse.98 These channels are held responsible for the instability of stearate 
capped CdTe nanoparticles, but could be beneficial in the case of catalysis where rapid 
diffusion of reactants to the nanoparticle surface is desirable.  
Surface coverage 
The exact number of nanoparticle surface sites is difficult to count directly, the literature has 
employed several different methods to estimate surface coverage.203 These either use an 
estimation based on the number of expected metal binding sites on the nanoparticle surface, 
or a geometric argument based on the headspace of the ligand binding group.204,213,214 To 
calculate the number of surface metal atoms, researchers have used estimations based on the 
number of atoms within one bond length of the surface, within two bond lengths of the 
surface, or within 1.5 bond lengths of the surface, assuming different geometric dispersion of 
atoms across the surface. Alternatively, others have used the headgroup and cone-angle of the 
ligand to estimate the maximum possible coverage of a monolayer of the ligand on a 
nanoparticle of a given diameter, without considering the actual binding sites on the 
nanoparticle surface.  
Valdez et al. found that using these calculations for a 3.55 nm diameter ZnO nanoparticle 
gave between 247 and 526 surface zinc atoms, or space for 623 dodecylamine ligands to pack 
around the nanoparticle surface.203 Bearing in mind the much larger head-group of the 
phosphinate unit, (calculated to be 22 Å2 using geometric arguments similar to those used for 
the phosphonate group215) it is estimated that only 174 phosphinate groups would pack 
around a similar ZnO nanoparticle. Considering that all the various methods of calculating 
surface zinc atoms give numbers in excess of 200 zinc atoms, it can be concluded even for a 
ZnO nanoparticle fully coated with dialkylphosphinate, there are excess zinc atoms with no 
corresponding ligand. Furthermore, it is uncertain whether each surface zinc binds to more 
than one ligand or not (as some of the surface phosphinate may adopt type IV or V 
coordination, see Figure  2.14), so there may be a large percentage of non-ligated surface 
zincs. As the zinc is unlikely to remain exposed at the surface, they may react with the excess 
water present during the nanoparticle synthesis or from atmospheric water during work-up. 
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This non-ligated zinc is thought to be responsible for the surface Zn-OH and Zn-OH2 groups 
observed in the infra-red spectrum, even when there is a large loading of ligand present.  
DOPA/Zn 
a
 TGA organic 
content (%) 
b
 
Calculated 
ligand 
coverage (%) 
c
 
Total Ligand 
density (nm
-2
) 
0.05 11.7 26.0 1.17 
0.1 21.0 51.8 2.33 
0.13 24.1 61.9 2.79 
0.2 32.8 95.2 4.29 
0.25 37.3 116.2 - 
0.33 39.8 129.2 - 
Table  2.2 Calculated surface coverage and maximum ligand density based on TGA thermograms and 
nanoparticle size a) Molar equivalents of DOPA-H ligand per zinc b) Mass loss in TGA under a nitrogen 
atmosphere corresponding to loss of alkyl chains. c) Percentage of nanoparticle surface area that would be 
covered by a monolayer of ligand (based on TGA), assuming ligand headgroup size 22 Å. 
Using geometric arguments to calculate the surface area of the nanoparticles (assuming a 
diameter of 3.5 nm) and the headspace of the phosphinate ligand, together with the results 
from the TGA thermograms it is possible to estimate the maximum percentage of surface 
coverage obtained with the available ligand, relative to an assumed monolayer surface 
coverage. The calculations show that the typical loading of 0.2 equivalents of DOPA-H gives 
a nanoparticle with up to 95% coverage of the surface. The nanoparticles with higher 
loadings of DOPA-H were calculated to have coverages exceeding 100%, this excess may be 
a secondary layer of weakly bound ligand which is not covalently bound to the surface. The 
existence of weakly bound ligands is backed up by the NMR spectra of the nanoparticles, at 
least in solution. An alternative explanation is that some of the ligand exists in a secondary 
layered double hydroxide (LDH) phase as observed for carboxylate capped ZnO with high 
ligand loadings.143  
Ligand	Density  LigCov%S#  
Equation  2.2 Ligand density calculation: LigN is the calculated maximum number of ligands capable of fitting 
around the nanoparticle surface, Cov% is the percent coverage, as calculated and SP is the surface area of the 
nanoparticle. 
An estimated ligand density can be determined using Equation  2.2, for a nanoparticle with 
100% capping, the ligand density would be 4.50 nm-2. However, bearing in mind the results 
of the 1H NMR spectroscopy, in solution only some of these ligands are strongly bound to the 
surface, so the ligand density may be significantly lower. The densities determined fit in well 
with literature estimations of strongly bound ligand density around small nanoparticles which 
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vary from 0.9 to 5.3 nm-2 depending on the nature of the ligand and the size of the 
nanoparticle.137,203  
DOPA/Zn 
a
 
 
Surface Zn 
bound to 
DOPA (%)
b
 
Number of 
“unbound” 
surface Zn atoms 
c
 
“unbound” surface Zn 
atoms as a percentage 
of all Zn 
d
 
0.05 15.67 242 25.73 
0.10 31.25 198 20.98 
0.13 37.35 180 19.12 
0.20 57.41 122 13.00 
0.25 70.06 86 9.14 
0.33 77.90 64 6.74 
Table  2.3 Number of free surface sites for DOPA capped ZnO nanoparticles with different ligand loadings 
a)Molar equivalents of DOPA-H ligand per zinc in synthesis. b) Number of DOPA ligands determined by TGA 
ratio as a percentage of number of surface zinc sites determined as per Kuno et al. (assumes a ratio of one 
surface zinc per DOPA). c) Number of remaining surface zinc atoms per nanoparticle d) number of surface zinc 
atoms not coordinated to ligand as a percentage of all the zinc in the sample.    
Surface coverage can also be calculated using a different approach. The number of zinc 
atoms on the nanoparticle surface was determined based on the method of Kuno et al., by 
assuming that all the zinc atoms within one Zn-O bond length from the surface are 
available.203,213 For a 3.5 nm Wurtzite ZnO nanoparticle, this yields a total of 287 surface zinc 
atoms, which represents a total of 31% of the zinc atoms in each nanoparticle. The number of 
DOPA ligand groups per nanoparticle was determined (based on the TGA data gathered), to 
give a percentage of surface zincs that were ligated with DOPA (Table  2.3). This calculation 
assumes that overall each surface zinc is coordinated to two phosphinate groups, to give a 1:1 
ratio of Zn:P (as in bis(dialkylphosphinate) zinc polymers which have a  (Zn-O-P(R2)-O-Zn-
O-P(R2)-O-) ).
216 The number of ‘unbound’ zincs, not coordinated to a zinc can then be 
estimated, which are then available to interact with water (forming Zn-OH). This number, 
which can also be given as a percentage of zinc atoms in the nanoparticle, is important as it 
may represent the number of zinc surface sites available to act as catalytic sites.  
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Summary and conclusion 
It has been demonstrated that the rapid hydrolysis of diethylzinc in the presence of a series of 
different non-hydrolysable chelating ligands results in the formation of uniform ZnO 
nanoparticles. The similarity of the nanoparticles prepared with different ligands indicates 
that this is an extendible method suitable for the formation of ligated ZnO nanoparticles with 
a uniform size and shape for various applications.  
In the case of DOPA capped nanoparticles, the surface of the nanoparticle was characterised 
by IR and NMR spectroscopy indicating that at least part of the ligand is tightly bound to the 
nanoparticle surface, although in solution some of this ligand appears to be only weakly 
bound. By changing the loading of free DOPA-H ligand to the reaction, the growth of the 
nanoparticle was unaffected reaching the same size without changing the morphology. Thus 
partially-capped ZnO nanoparticles are formed which could be useful for applications where 
excess ligand is detrimental.  
Whilst changing the headgroup of the ligand had little effect on the nanoparticle, the organic 
group did. Replacing the organic chain with a shorter aryl group in the case of sulfinate ligate 
gave rise to polydisperse sized nanoparticles. On the other hand using a PEG ligand which 
has additional chelating functional groups, gave nanoparticles with anisotropy along the c-
axis. The resulting nanoparticles were also soluble in a range of solvents including water. 
Overall, the rapid hydrolysis of diethylzinc in the presence of non-hydrolysable ligands has 
proven to be a generic and versatile methodology for the generation of ZnO nanoparticles. 
The ligand can be tailored for the specific application without affecting the crystallite size. 
Furthermore by reducing the amount of ligand the nanoparticles can retain their solubility and 
expose more zinc oxide surface. 
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  Chapter 3
 
 
Mixed Cu/ZnO colloidal nano-catalysts 
for CO2 hydrogenation to methanol 
  
94 
 
Introduction 
In recent years, there has been much interest in the synthesis of liquid fuels via the 
hydrogenation of carbon dioxide.53 Similar to the industrial methanol synthesis reaction from 
syn-gas (CO/H2), the catalyst most often studied comprises copper and zinc oxide. (Although it 
is worth noting, as discussed in the thesis introduction, the proposed mechanism for CO2 
hydrogenation may be different and involves different active sites).32,45,217  
The exact interaction and the role of both the copper and the ZnO in methanol synthesis has been 
much debated in the literature. Some authors have argued that the main function of the ZnO is 
simply to support the copper nanoparticles and prevent their ripening.18,40,41,218 However, the 
scientific consensus seems to be that the ZnO plays a more important role in promoting 
methanol synthesis activity.35,44,45,219-223 Numerous studies have shown there to be a synergistic 
relationship between the copper and ZnO which under the reaction conditions leads to enhanced 
activity. This synergy has come to be known as the strong metal support interaction (SMSI) and 
many reasons have been given to explain its occurrence.      
Originally, it was contended that the zinc oxide was responsible for stabilising a Cu+ charge; this 
oxidised copper was proposed to stabilise oxygenate intermediates during the reaction increasing 
turnover, since reactive frontal chromatography of post reaction catalysts showed a high 
correlation between the oxidised copper and methanol synthesis activity.42,43,224,225 However, this 
explanation was later discredited when it was found that the presence of Cu+ in the post reaction 
catalyst was due to formate decomposition in the post catalysis work-up.217  
Several studies have shown that, in close proximity and under a reducing environment, the Zn 
atoms will migrate to the surface of the copper leading to the formation of a Cu-Zn alloy at the 
interface between the two nanoparticles. The Cu-Zn surface is proposed to promote the 
hydrogenation of formate species leading to higher activities; detailed FT-IR, TEM-EDX and 
XPS studies showed there to be metallic Zn on the copper surface after the reaction.36,217,219,220 
On the other hand, detractors of this theory have argued that bulk brass itself (CuZn) is not 
active for methanol synthesis.34 
Recently, researchers have advanced the idea that the reduced ZnO itself is responsible for the 
synergistic effect. Post reaction analysis using cutting-edge electron microscopy techniques has 
shown that, under reducing conditions, a partially reduced ZnO(1-x) layer migrates over the metal 
particles giving a thin over-layer of porous, metastable graphitic ZnO, which is proposed to 
prevent copper sintering and stabilise defects.34,226-228  
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Other authors have proposed that the ZnO serves to induce a strain on the copper lattice, which 
correlates to an increase in activity, the strained copper lattice has ‘termination features’ with 
unique electronic and geometric properties, suggested to be responsible for the high activity of 
these catalysts.35,229,230  
Burch and others have contended that the ZnO acts as a hydrogen reservoir for the copper, it is 
proposed that the formate intermediate adsorbed on the copper surface is only very transient and 
rapidly decomposes back into CO2 and H2.
44,231-233  Thus, the rate of methanol formation is 
limited by the availability of surface bound hydrogen atoms which are available on the ZnO 
through the hydrogen spillover effect.  
 
Figure  3.1 Band diagrams for the Cu/ZnO junction. a) unrelaxed contact, b) contact after oxygen vacancy and 
electron transfer to copper. EVAC, vacuum level. EV, valance band edge. Ef, Fermi level. EC, conduction band edge. 
ϕ(b), Schottky barrier height. ϕ(t), band-bending height. Diagram adapted from Frost.234     
Frost suggested that a Schottky junction forms along the interface between the copper and zinc 
oxide and is responsible for the SMSI between the Cu and ZnO.234 The creation of this junction 
lowers the enthalpy of formation of oxygen vacancies in the zinc oxide increasing the density of 
proposed active sites for the methanol formation (Figure  3.1). Tsang and co-workers have 
investigated how different facets of ZnO can affect the Schottky junction, with the ZnO polar 
facets being shown to have more oxygen vacancy defects correlating to significantly higher 
selectivity towards methanol.235 The Tsang group has further demonstrated  how an electron-rich 
quantum dot can be used to modulate this Schottky junction, enhancing the electron density in 
the ZnO conduction bands and in turn increasing the reaction selectivity towards methanol.236 
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Figure  3.2  In-situ TEM images showing dynamic nature of a Cu/ZnO catalyst under different gaseous 
environments. Images correspond to a copper nanoparticle on a ZnO surface under H2, H2/H2O and H2/CO 
respectively, all at 220 °C. Image from Hansen et. al.237 Reprinted with permission © 2002 AAAS 
Topsøe and co-workers used in-situ electron microscopy to determine how the morphology of 
the copper nano-crystallite changes on a ZnO surface, upon exposure to high temperatures and 
reductive gases.237 The copper nanoparticles undergo considerable morphological changes upon 
exposure to hydrogen and carbon monoxide, exposing different crystallographic facets and 
displaying increased wetting of the ZnO surface, not seen for the corresponding copper - silicon 
oxide interface. In more recent TEM work, Lunkenbein et al. have shown that under the reactive 
conditions a metastable, distorted, graphitic layer of zinc oxide forms over the surface of the 
copper nanoparticles.226 This graphitic ZnO overlayer is proposed to stabilise the defective 
copper nanoparticle surface and may be the first direct evidence of SMSI. Together, these two 
studies illustrate the significant extent of the dynamic restructuring of the copper and ZnO 
materials upon exposure to high temperatures and specific gas mixtures. 
Given the wealth of literature and varied viewpoints on how heterogeneous Cu/ZnO catalysts 
function, it was of interest to study whether a colloidal mixture of separate copper and ZnO 
nanoparticles can rearrange to form an active interface, under suitable conditions for the 
hydrogenation of CO2 to methanol.    
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Scope 
In this chapter, a catalyst system will be presented comprising a mixture of pre-synthesised 
copper and ZnO nanoparticles, dispersed in a squalane solvent to form a colloidal catalyst, for 
the synthesis of methanol from carbon dioxide and hydrogen. 
After describing the synthesis of the copper nanoparticles, and the experimental set-up for the 
reactor system, a typical experimental run in the reactor will be presented. Characterisation of 
the post-reaction catalyst mixture, using a range of techniques including X-ray diffraction, 
electron microscopy and dynamic light scattering, gives insight into the behaviour of the catalyst 
in the reactor and the transformation from a mixture of separate copper and zinc oxide and 
copper nanoparticles to small aggregates of mixed composition. 
A further set of studies, varying key parameters including the ratio of copper to ZnO, the 
concentration of catalyst, and changing both the loading of ligand and nature of the ligand 
explores the influence of the ligand and catalyst composition on the formation of methanol. 
These experiments set a provisional model for the formation of a highly active Cu-ZnO catalyst 
from a colloidal nanoparticle mixture.        
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Copper nanoparticle synthesis 
Copper nanoparticles were formed by the reduction of the precursor bis(stearate) copper(II), 
using a solution of the reducing agent hydrazine (N2H4). Whilst, copper nanoparticles have 
previously been synthesised by hydrazine reduction of bis(dioctyl sulfosuccinate) copper(II) in a 
reverse micellar procedure,238 this bis(stearate) route obviates the use of water and allows the 
direct formation of copper nanoparticles in organic solvents. In a typical experiment 
bis(stearate) copper(II) was suspended in squalane and left stirring under a high vacuum (1-3 x 
10-2 mbar) for an hour to remove any solubilised gas. The blue suspension was backfilled with 
nitrogen and heated to 90 °C to give a clear blue solution. The solution was allowed to cool and 
two equivalents of hydrazine was rapidly added using anaerobic techniques and the solution was 
left rapidly stirring for 16 hours at 65 °C, during which time it developed a dark red/ brown 
colour. Excess hydrazine and THF were removed by further stirring under high vacuum leaving 
a solution of copper nanoparticles capped with stearate ligands. The nanoparticles were 
characterised using electron microscopy, dynamic light scattering and UV-Vis spectroscopy. 
 
Figure  3.3 The synthesis of stearate capped copper nanoparticles. i) dissolved in degassed squalane at 90 °C. N2H4 
(2.1 equiv. 1M in THF) ii) stirred 16 h at 65 °C, excess THF and N2H4 removed under vacuum. 
Metallic surfaces are proposed to have a “plasma” of free electrons in the conduction band 
surrounding the positively charged nuclei. These electrons can be collectively excited to give a 
surface plasmon resonance (SPR).239 In a nanoparticle, these electrons are confined to specific 
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vibrational modes, dependant on the size and shape of the nanoparticle surface. UV-Vis 
spectroscopy can be used to measure the SPR of a solution of metallic nanoparticles and can 
suggest information about the nanoparticle morphology.  
In the copper nanoparticle present, the SPR appears as a broad peak at approximately 570 nm 
(Figure  3.4). Whilst some researchers have related an increase in peak width with decreasing 
particle size,240 the peak width and position may also be affected by other factors including the 
solvent, capping group, particle concentration, surface-oxidation state, shape and size dispersion, 
thus making it difficult to directly assign particle size based on the UV-Vis absorbance, other 
than confirm that they are in the nano-size regime.117,241,242 The exponential decay observed 
between 300 – 500 nm is assigned to Mie scattering occurring due to scattering of the 
electromagnetic radiation by colloidal aggregates in the solution (also, seen in DLS, vide 
infra).241 
 
Figure  3.4 a) TEM image of copper nanoparticles, note some surface oxidation may have occurred during sample 
handling b) UV-Vis spectrum of Cu(0) nanoparticles in squalane. Copper Surface Plasmon Resonance (SPR) peak 
at 570 nm.  
Dynamic Light Scattering (DLS) can also be used to determine the nanoparticle size, a dilute 
solution of the sample in squalane showed two size distributions (Figure  3.5). 92% of the 
particles were observed to be between 5.6 and 21 nm with a modal peak average of 10.1 nm. 
Bearing in mind the ligand shell of around 4.9 nm (twice the length of the stearate ligand),243 the 
modal copper core size can be calculated to be 5.2 nm. There was also a second distribution of 
particles between 140 and 530 nm, which may be the result of nanoparticle agglomeration and 
accounts for up to 8% of the particles.  
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Figure  3.5 DLS showing particle size distribution of the standard Cu(0) nanoparticles prepared in squalane. The 
spectrum is an average of 6 scans. 
A sample of the copper nanoparticles were thoroughly washed by repeated precipitation by 
centrifugation and re-dispersion with toluene and then characterised by transmission electron 
microscopy (Figure  3.4). The copper nanoparticles are likely to have surface oxidised during 
sample preparation, however particles between 3 and 15 nm in diameter were observed, roughly 
corresponding to the sizes determined by DLS. 
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Methanol synthesis reaction 
The copper nanoparticle solutions, together with the ZnO nanoparticles previously synthesised 
(Chapter 2), were tested as catalysts for the hydrogenation of carbon dioxide to methanol in a 
continuous stirred-tank reactor (CSTR).  To allow an accurate comparison between the catalysts, 
“standard reactor conditions” were established which are described in full in the materials and 
methods chapter (Chapter 6). In short, a known mass of the ZnO nanoparticles was suspended in 
squalane in the reactor vessel. The suspension was de-gassed under a flow of inert gas (N2, 
350 mLmin-1), for over 30 minutes and the solution of copper nanoparticles added. The gas flow 
was then changed to CO2 and H2 (in a 1:3 ratio, at a total flow rate of 166 mL/min), the reactor 
was heated to 250 °C and pressurised to 50 bar. Unless indicated otherwise, all the following 
catalytic runs were performed using these conditions. The reaction products were monitored at 
regular intervals by an in-line Gas Chromatograph (GC), connected through a heated transfer 
line.  
Typical methanol synthesis run 
To test the activity of the nanoparticle mixture as a catalyst for the hydrogenation of CO2 to 
methanol, a reaction was performed with a catalyst mixture, composed of ZnO nanoparticles 
capped with a DOPA ligand (0.2 equivalents of ligands per zinc) and copper nanoparticles 
capped with stearate ligand (65:35 Cu:ZnO by weight). The following results and analysis all 
relate to catalyst mixtures of this composition. The methanol output was measured by GC and 
recorded as a production of methanol relative to the total weight of ZnO and copper inserted into 
the reactor (note; the catalyst weight does not include the weight of ligand; the weight of the 
ligand free copper and zinc oxide were calculated based on TGA thermograms). 
A typical methanol synthesis experimental run is plotted in Figure  3.6, showing the productivity 
of methanol as a function of time. There is an initial lag of over two hours before the peak 
activity is obtained. The reason for this lag is two-fold, after the addition of the catalyst a 
significant rearrangement of the nanoparticles is expected from a mixture of discrete copper and 
ZnO species to the formation an active Cu-ZnO interface required for catalysis. Secondly, the 
methanol output is recorded as a concentration of product in the stream of the gases exiting the 
reactor. The concentration of methanol in the headspace of the reactor will only reflect the 
productivity of the catalyst once the solvent has been saturated with product, leading to an 
inevitable delay in the apparent methanol productivity.         
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Upon achieving peak activity, significant quantities of methanol were produced and the catalyst 
remained active, with high output, until the reaction was terminated after 15 hours. A small but 
significant de-activation is observed after reaching peak activity (Figure  3.6); there are many 
factors contributing to this decline, including the reaction equilibria, catalyst rearrangements and 
sintering of the nanoparticles, possible catalyst poisoning and hydrogenation of the ligands 
causing agglomeration (vide infra).        
 
Figure  3.6 Methanol produced per gram of catalyst (Cu+ZnO) per hour as a function of time on stream 
Due to the high temperatures, pressures and flow rates used in this reaction it is difficult to 
characterise the catalyst in-situ by any means other than monitoring the reaction outputs (i.e. the 
gas output as recorded by GC).244 However, it is possible to gain an insight into the behaviour of 
the catalyst during the reaction, by extracting a sample of the catalytic solution afterwards. By 
careful examination and characterisation of the nanoparticles after the reaction it is possible to 
infer what may have happened to the catalyst during the reaction.   
After the reaction, a sample was removed which was clear with no precipitation (Figure  3.7). 
The solution had a bright red colour, which turned darker and green upon exposure to air over a 
period of several hours. This red colour is indicative of nano-copper, and the change in colour is 
a result of a Cu2O shell forming due to oxidation.
119  
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Figure  3.7 UV Vis spectrum of post reaction mixture with peaks corresponding to the copper plasmon and a 
shoulder corresponding to nano-ZnO, compared to solution of copper nanoparticles (dashed) and ZnO 
nanoparticles (dotted). Inset: photograph of catalyst solution post reaction.   
By anaerobically transferring the post reaction solution to an air-tight UV-Vis cuvette, an 
absorbance spectrum was measured which showed both a peak at approximately 365 nm 
corresponding to nano-ZnO and the copper plasmon peak at 595 nm. A remarkably similar 
spectrum was noted by Kalidindi et al. using Cu-ZnO core shell nano-composites.245  Compared 
to the spectra prior to catalysis both peaks are red-shifted, albeit for different reasons. The shift 
on the ZnO absorbance towards that of bulk ZnO absorption is evidence of nanoparticle growth, 
the λ1/2 shift to above 360 nm is beyond the range where the Meulenkamp relationship is still 
accurate implying that the nanoparticles have increased to diameters above 6.5 nm, likely due to 
either ripening or sintering of the nanoparticles.194,246  
As discussed earlier, the copper surface plasmon resonance peak is affected by many variables, 
including solvents, ligands and nanoparticle surface. The red-shift observed in Figure  3.7 is most 
likely a result of the increased nanoparticle size, surface oxidation119 or a change in the ligand 
environment during the catalysis (vide infra). In addition, the Cu-ZnO interface may contribute 
to a shift in the SPR peak; the work function of copper is smaller than that of ZnO (4.7 vs 
5.3 eV), so upon interfacial contact a metal-semiconductor junction is formed and electrons will 
flow from the copper to the ZnO.247 Frost, Tsang and others who have suggested that the 
formation of such a junction and the subsequent increased reducibility of the ZnO is responsible 
for the SMSI interaction experienced in heterogeneous Cu-ZnO nanostructured catalysts.226,234-
236 The consequent drop in electron density on the copper nanoparticle surface results in a red 
shift and broadening of the SPR, such an effect was noted by Sliem et al.248 However at room 
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temperature, this effect is unlikely to be very significant due to the high band gap of ZnO, so the 
observed shift is likely caused by one of the other factors discussed.   
 
Figure  3.8 XRD of the post catalyst mixture, with peaks corresponding to ZnO, Cu and organic groups. Reference 
peaks for copper (PDF 00-004-0836), copper(I) oxide (PDF 01-071-3645) and ZnO (PDF 00-036-1451) are 
displayed in grey, dashed and black respectively. 
A sample of the solution was allowed to cool and the nanoparticles were extracted by repeated 
centrifugation and acetone washes. The X-ray diffraction pattern of the solid product shows 
peaks which correspond to ZnO and copper; surprisingly, there were virtually no traces of peaks 
corresponding to copper oxides, despite exposure to air during sample preparation and scanning 
(Figure  3.8). The large broad peak at low angles corresponds to organic material, which may be 
due to stearate or traces of squalane solvent.223 The larger crystallite size of the copper (vide 
infra) may partially account for the delayed onset of oxidation; however, the apparent lack of 
oxidation may also be attributed to the surface modification of the copper nanoparticles which 
may be protected by ZnO nanoparticles post catalysis or an amorphous/graphitic ZnO1-x over-
layer which forms on the copper surface under the reactive conditions.35,226,249,250  
The Scherrer equation gave crystalline domains corresponding to 12.6 nm and 32.5 nm for ZnO 
and copper respectively. These numbers indicate that the nanoparticles had ripened in the reactor 
when compared with the sizes found for the nanoparticles prior to insertion in the reactor 
(3.4 nm and 5.6 nm). However, it is worth noting that the XRD is much more influenced by the 
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few larger crystals than by smaller nano-crystalline domains; in other words, the Scherrer 
equation gives a volume weighted rather than a number average of all the retrieved 
nanoparticles. There is also a chance of sample bias, although attempts were made to extract all 
the catalyst from the reaction solution, it is possible that some of the smaller nanoparticles 
remained in the liquid phase and the XRD represents the heavier nanoparticles which were more 
likely to precipitate out.  
Further analysis of the XRD peaks shows a small shift in the 2θ values for the copper peaks 
indicating a change in the lattice parameter. Using the Bragg equation it is possible to derive a 
lattice constant a of the cubic copper (111) orientation, which was found to be equal to 
0.3624 nm (±0.0001 nm) which is shifted compared to the literature value for bulk copper at 
0.3615 nm. The increase in this lattice parameter for copper may indicate an increase in the 
copper lattice strain. Other authors have observed such effects and correlate them to highly 
active methanol synthesis catalysts.34,219,225,229,230 The origin of this lattice strain has been 
attributed to either the presence of surface defects in the copper nanoparticle or the formation of 
a surface Cu-Zn alloy.229 It is possible to determine the molar content of  Zn in a Cu-Zn alloy 
based solely on the shift in the lattice parameter (by fitting to an empirically calculated curve); 
for this catalyst, a Zn molar content of up to 4.5% was determined which is in line with other 
similar catalysts in the literature.34  
 
Figure  3.9 TEM images of the isolated catalyst post-reaction a) area of discrete nanoparticle aggregates b) larger 
clusters. 
Electron microscopy images of the post-reaction mixture showed many small nanoparticles, 
some of which had aggregated together into small clusters of nanoparticles (from tens to 
hundreds of nm in size) as well as a few individual nanoparticles. Analysis of these clusters 
using STEM-EDX line scans and mapping (see Figure  3.10) show that they are composed of an 
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intimate mixture of copper and zinc oxide nanoparticles. Thus, indicating that from a mixture of 
copper and zinc oxide nanoparticles, a mixed Cu-ZnO material had formed.  
 
Figure  3.10 a) STEM dark-field image of a cluster of nanoparticles approximately 50 nm in length. Images b) & c) 
are of the same cluster but rotated. b) EDX Cu showing at least 3 distinct copper nanoparticles within the cluster. c) 
EDX Zn map showing that most of the cluster is composed of Zn d) EDX line-scan of the cluster showing how 
copper is interspersed within the ZnO nanoparticles, scale bar also applies to image a) above. 
Also, notable was the change in the nanoparticle morphology, compared to the equiaxial shape 
before the reaction, some of the nanoparticles had formed a pyramidal appearance. Upon closer 
inspection, significant restructuring of the catalyst could be seen leading to the formation of 
inverse-bowtie nano-aggregates where two pyramidal nanoparticles point away from a central 
uniaxial nanoparticle (Figure  3.9a). STEM-EDX showed that the central nanoparticle in these 
aggregates consisted of copper whilst the pyramidal nanoparticle contained both zinc and 
oxygen (Figure  3.11).  
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Figure  3.11 STEM- EDX coloured maps of Cu, Zn and O from post reaction sample, showing the copper 
nanoparticle sandwiched between two ZnO nanoparticles. 
The formation of these inverse-bowtie structures is proposed to be the result of two separate 
processes; a) the self-assembly of the copper and zinc oxide nanoparticles b) the restructuring of 
zinc oxide into a pyramidal structure. Each of these processes will be discussed by comparison 
with comparable structures found in the literature. The presence of some pyramidal ZnO 
nanoparticles without a copper interface as well as near-spherical ZnO nanoparticles in contact 
with copper nanoparticles suggests that these processes are probably independent.   
Schimpf et al. observed similar quasi-homogeneous Cu-ZnO nanostructures in the related 
syn-gas hydrogenation reaction; in that case, the ZnO pyramidal structures point towards the 
central copper nanoparticles (bowtie formation).249 The authors observe that the formation of 
such geometries is triggered from a mixture of copper stearate and zinc stearate in the presence 
of reducing gases and water. The directed growth of analogous copper-ZnO nano-morphologies 
(albeit with much larger domains) have recently been reported in the Mokari group.251 Using 
different procedures they were able to form ZnO-Cu-ZnO bowtie shaped morphologies with the 
two pyramidal ZnO nanoparticles pointing towards the central copper nanoparticle. Alternatively 
inverse-bowtie morphology could be formed with the ZnO pyramids pointing away from the 
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central copper nanoparticle. The authors suggest that an inverse bowtie formation is indicative of 
a case where the copper nanoparticle is pre-formed and the ZnO ripens away from the central 
copper core, although there may be many other factors involved such as selective ligand binding. 
  
Figure  3.12 TEM image of bowtie ZnO-Cu-ZnO nanostructures, with the pyramidal ZnO pointing towards the 
central copper nanoparticle. Image reproduced from Schimpf et al.249  with permission © 2010 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 
The self–assembly of pyramidal ZnO nanoparticle pairs has recently been investigated by Javon 
et al.252 The authors found that the ligands are most strongly bound to the polar basal planes of 
the pyramids and conclude that the most significant force driving the self-assembly is the 
interactions of the ligands on this polar facet. It is possible that it is the interaction of the ligands 
on the polar facets of the ZnO nanoparticles that initially directs the ZnO towards forming these 
assemblies with the copper.    
Chen et al. have studied the growth of colloidal ZnO nanoparticles with a zinc stearate ligand, 
they found that by controlling the reactions of the zinc stearate with alcohol, the nanoparticles 
could be converted from uniaxial ‘dots’ to faceted pyramids, very much like the ones observed 
in the post reaction catalyst.253 Stearic acid is proposed to react with ZnO to form zinc stearate, 
which then slowly reacts with the excess alcohol present to form an ester and reform the ZnO. 
The excess stearic acid available from the copper nanoparticles may take this role and upon 
reaction with the alcohols present, either methanol generated by the reaction or octadecan-1-ol 
from the hydrogenation of stearate (vide infra), which may lead to the formation of the observed 
pyramidal structures. Other authors have noted the role of dopant metals in the formation of 
regular pyramidal ZnO nanostructures, as little as 0.32 at. % of aluminium was able to direct the 
uniform growth of pyramidal ZnO.252,254 Bearing this in mind, there is a possibility that the 
migration of copper ions (as proposed by others)34 into the ZnO lattice also influences the 
growth of the inverse bowtie morphology.           
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Figure  3.13 The stearic acid triggered transformation of ZnO nano-dots to pyramidal nano-structures (no copper 
present). Scale bar 100 nm. Image reproduced from Chen et al.253 with permission © 2005 American Chemical 
Society  
Thus, these observations coupled with other research in the field suggests a model where a 
copper nanoparticle forms an interface with ZnO nanoparticle, possibly directed by ligand-ligand 
interactions. The ZnO nanoparticle experiences a slow intra-particle ripening process mediated 
by the side reactions of the excess stearic acid with the alcohols being generated, growing away 
from the copper centres and evolving a pyramidal morphology (Figure  3.14). 
 
Figure  3.14 Diagram illustrating the possible formation routes of inverse bowtie structures. Stearic acid present in 
the copper nanoparticle solution results in etching of the ZnO nanoparticles to form bis(stearate) zinc, this product 
then reacts with alcohols generated in the reaction for form fatty esters with the selective deposition of ZnO to form 
the faceted pyramidal structures observed. 
 
The different facets of a nano-crystal surface are known to have different polarities and defects 
resulting in different chemical properties.128 Tsang and co-workers have reported that the (002) 
polar facets of the ZnO nanoparticle form a stronger interaction with the copper nanoparticles 
than the (100) or (101) non-polar facets.235 Studies of pyramidal ZnO nanoparticles have shown 
that these nanoparticles grow along the polar c-axis, with the basal plane of the pyramids 
terminating in a Zn atom.252,253,255 Therefore the base of the ZnO nano-pyramid facing the 
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copper nanoparticle, is the most polar one, which could result in the formation of a 
metal-semiconductor junction at that interface (Figure  3.9a). The presence of such a junction 
correlates well with the high activity observed when structures of this type were observed. 
The self-assembly of these inverse-bowtie morphologies, as well as analogous structures created 
from different precursors and under different conditions is of much interest. The exact 
interaction between the copper and zinc oxide, the conditions leading to their self-assembly and 
the effect on methanol synthesis is certainly worthy of future research.        
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Variation of parameters 
To improve the understanding of this reaction and the behaviour of the catalyst, key variables 
were examined to give an insight into the catalysis.  
The ratio of copper to ZnO 
Nanoparticle solutions were added into the reactor as per the standard conditions, but, using 
different ratios of zinc oxide to copper in each experiment. As seen in the graph, Figure  3.15, the 
percentage of ZnO in the total catalyst had a considerable effect on the methanol synthesis 
activity, with too much of either copper or ZnO leading to a fall in activity.  
 
Figure  3.15 Activity of catalyst relative to the ZnO wt% in the catalyst mixture, per overall mass of active catalyst 
(Cu+ ZnO). Masses calculated as a percentage not including ligand mass. Experiments all using stearate capped 
ZnO with stearate capped copper nanoparticles. 
The graph shows both how the methanol activity per mass of active catalyst (Cu+ZnO) vary 
relative to percentage of ZnO present in the mixture. The activity for either copper or ZnO 
nanoparticles is negligible and only in the presence of both nano-particulate materials are 
significant methanol activities achieved. The plot above is remarkably similar to one obtained by 
Fujitani et al. (Figure  3.16) which found similarly that an optimal ratio of about 50 weight 
percent ZnO was required to give the best interface and activity.219 
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Figure  3.16 Catalyst activity as a function of ZnO wt% in a Cu/ZnO catalyst (plot reproduced from Nakamura 
et al.219 with permission © Springer). 
These results show that both ZnO and the copper are needed to generate the active sites for the 
reaction. Although the initial catalyst solution is a mixture of discrete copper and zinc oxide 
nanoparticles, each protected by their capping ligands, under the reaction conditions there is 
significant rearrangement of both the ZnO and copper species as the nanoparticles interact. This 
reorganisation leads to the formation of an interface between the copper and the ZnO, vital for 
the highly active methanol synthesis.  
Having the correct ratio of catalyst components is crucial for maximising the methanol synthesis 
activity. It is tentatively proposed that with limited ZnO, not enough of the Cu-Zn surface 
interface is formed to give high activity. However, if too much ZnO is added, the copper surface 
may be totally covered by the Cu-Zn alloy and this may limit the H2 dissociation step of the 
reaction, which is proposed to occur only on the copper surface.219,231    
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Concentration of the catalyst 
Although the activity of the catalyst is calculated in terms of moles of methanol per gram of 
active catalyst, and thus the amount of catalyst in the reactor is taken into account, there is 
seemingly a secondary effect of the overall concentration of the catalyst in the reactor. As seen 
in the graph below (Figure  3.17), as the concentration of catalyst in the reactor increases the 
moles of methanol produced per gram of catalyst decreases.  
 
Figure  3.17 Peak activity as a function of catalyst concentration (diamonds, bottom axis) and weight hourly space 
velocity (squares & triangles, top axis). Experiments all using phosphinate capped ZnO with stearate capped 
copper nanoparticles.  
A possible explanation for these results is on the basis of the nanoparticle interaction in the 
reactor. In a very concentrated reactor solution, the nanoparticles form large aggregates that 
result in loss of surface area and possible precipitation from solution. As the concentration is 
lowered, the collision and sintering between nanoparticles is less likely and smaller aggregates 
are formed which have a higher surface area to react with the reactive gases and gives a higher 
activity. A similar effect has been described with regard to quasi homogeneous catalysis with 
palladium nanoparticles, which showed much higher activities at “homeopathic” quantities of 
catalyst which has been attributed to agglomeration of  nanoparticles at higher loadings.125  
However, a more likely explanation is that as the concentration of the catalyst in the reactor the 
weight hourly space velocity (WHSV), which is a measure of the flow rate of the gases 
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compared to the mass of catalyst in the reactor (squares, Figure  3.17). This hypothesis was 
confirmed by a set of experiments which showed that changing the combined flow rate of the 
gases (between 40 mLmin-1 to 250 mLmin-1) had the same effect on the catalyst activity 
(triangles, Figure  3.17). Furthermore an equivalent WHSV dependence can be observed in a 
similar one-pot colloidal Cu/ZnO catalyst, using the same reactor set up.250 As the flow rate 
increases, relative to the mass of catalyst, the ratio between the reactant molecules at the 
nanoparticle surface with the product molecules is affected. These results suggest that the 
presence of product (methanol and water) inhibit the rate of reaction and increasing the flow of 
reactant gas is required to displace the product molecules and maintain a high activity. Previous 
studies have also found that the CO2 hydrogenation reaction is sensitive to the change of WHSV 
with a similar trend.256-258 A study by Sahibzada et al. demonstrated, by adding small quantities 
of water to the gas feed under differential conversion conditions, that it is the presence of water 
that is responsible for the catalyst inhibition at slow flow rates.257  
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Nanoparticle ligand effect 
Whilst the main function of the ligand on the nanoparticle is to solubilise the ZnO material and 
limit the sintering of the nanoparticles, the nature of the ligand can also have an effect on the 
catalysis. Two different ligands were compared; di-octyl phosphinate (DOPA) and stearate, 
these could be coordinated to either the ZnO or the copper nanoparticles.  
 
Figure  3.18 Effect of surface ligand on Cu and ZnO nanoparticles on the methanol synthesis activity. ZnO to copper 
ratio 65:35 (wt %). The amount of ligand of was maintained at 0.2 equivalents of ligands per zinc for the ZnO 
nanoparticles and 2 equivalents of ligand on the copper nanoparticles.  
As illustrated in Figure  3.18, exchanging the nanoparticle ligand had a significant impact on the 
catalytic activity. For systems where the phosphinate ligand was coordinated to both the copper 
and the ZnO, the lowest activity was achieved, which could be increased by using the ZnO and 
copper nanoparticles coordinated with stearate. However the highest activity was achieved by 
using mixed ligand sets. These results suggest the nature of the ligand has a large influence on 
the way the nanoparticles interact in the reactor. One of the key differences is that the 
phosphinate is more reductively stable. Other authors employing stearate ligands in similar 
hydrogenation reactions found that the carboxylate head-group was hydrogenated on the copper 
surface to form octadecan-1-ol.249 The alcohol is a weaker ligand, effectively exposing the 
nanoparticle surface rather than protecting it. Evidence for such a mechanism was obtained from 
a post-reaction 1H- NMR spectrum. The triplet peak at 3.65 ppm matches well with the literature 
value associated with the methylene protons adjacent to the alcohol group in octadecan-1-ol, 
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while the peak at 3.50 ppm is assigned to methanol.259 The intense peaks from 0.5 – 1.5 ppm are 
assigned to the many CH2 groups present in the squalane solvent as well as the stearate and 
phosphinate ligands.       
 
Figure  3.19 1H NMR of post reaction mixture in CDCl3, intense peaks with a chemical shift of 0.5 – 1.5 ppm are 
assigned to the many CH2 groups in the squalane solvent as well as the stearate and phosphinate ligands. Peak at 
2.17 ppm is assigned to an acetone impurity, inset is the region of interest showing methanol and octadecan-1-ol 
peaks. 
The phosphinate ligand, on the other hand, is more difficult to reduce under these conditions and 
remains bound to the nanoparticle surface, as proven through control reactions which showed 
that the ZnO nanoparticle with a phosphinate coordinated ligand did not change under a reducing 
environment, whereas a similar ZnO nanoparticle with a stearate coordinated ligand underwent 
ripening (Figure  3.20). Hence, in the system where both nanoparticles are protected by the 
phosphinate ligand, there is a relatively low methanol synthesis activity, as both the ZnO and the 
copper are well protected, allowing little room for interaction between the ZnO and the copper to 
form active sites. On the other hand, in the situation where both materials are capped with the 
stearate ligand, the stearate may be reduced on the copper surface, ‘de-protecting’ the 
nanoparticle surface and allowing the exposed copper to form active sites with the exposed ZnO, 
resulting in the increased activity observed. However, the remaining stearate ligand from the 
ZnO will now be reduced on the Cu-ZnO aggregates and then there is little to prevent the 
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agglomeration and ripening of the nanoparticles, which results in a loss of surface area and a 
lower activity.   
 
Figure  3.20 TEM images of a) DOPA capped ZnO nanoparticles and b) stearate capped ZnO nanoparticles (both 
with 0.2 equiv. of ligand) after 2 hours under 30 bar H2, 215 °C. Resolution limited due to traces of squalane  
When the copper nanoparticles were protected with the phosphinate ligand and the ZnO ligated 
by the stearate, the nanoparticles are both relatively protected, and there is enough interaction 
between the two components to generate active sites and obtain a good activity. However, the 
highest activities were achieved where the copper nanoparticles were capped with a carboxylate 
ligand and the ZnO was capped with the phosphinate ligand. The carboxylate is expected to be 
reduced on the copper surface exposing some of the copper which can then be stabilised by the 
ZnO constituent.  
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Some evidence for this hypothesis can be found from TEM images from the post catalyst 
mixtures which found that the stearate- stearate system generated large aggregates of ripened 
nanoparticles whereas the stearate capped copper and phosphinate capped ZnO system gave 
small discrete nanoparticle clusters (as seen earlier, Figure  3.9). However, that being said, there 
are other possible explanations for the observed ligand effect. The phosphinate ligand gives the 
nanoparticles higher solubility, which may affect the initial interactions between the 
nanoparticles while they are being heated in the reactor. Alternatively, the phosphinate ligand 
has two ‘organic’ tails as opposed to the single chain on the stearate which may have a steric 
effect on the interaction between the nanoparticles. Finally, there may be a difference in the 
extent of the equilibrium reaction (Equation  3.1) dependant on the ligands.  
 
Equation  3.1 Equilbrium reaction between the Zn(stearate)2 and ZnO 
249 and the corresponding equilibrium 
between the bis(dioctyl phosphinic) zinc and ZnO. 
  
 
Figure  3.21 TEM image of post reaction mixture from stearate capped ZnO and stearate capped copper mixture 
demonstrating ripening and agglomeration, 
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Ligand loading  
As discussed in the previous chapter, ZnO nanoparticles could be synthesised with variable 
amounts of ligand without affecting the size of the nanoparticles. The effect of changing the 
loading of ligand (and hence nanoparticle coverage) was examined by varying the ligand loading 
on the ZnO nanoparticles and monitoring the effect on the methanol synthesis activity. ZnO 
nanoparticles with loadings of DOPA ligand between 5% and 33% (mol% relative to the moles 
of ZnO) were tested in the reactor under standard conditions. The absolute mass of ZnO and 
copper were maintained the same throughout the reactor runs.  
 
Figure  3.22 Black Bars) Peak Methanol Synthesis activity relative to the ligand loading. Grey Bars) Activity after 
10 hours on stream as a percentage of the peak activity. Experiments all using phosphinate capped ZnO with 
stearate capped copper nanoparticles. 
As seen in the graph above, the loading of the ligand significantly affected the peak activity, 
with higher ligand loadings resulting in lower activities. This can be explained by the reduced 
access to the surface imposed by the ligand. It has been shown by Silverwood et al. that the 
ligand does not restrict access of the reactant gases to the surface.145 However, the ligand is 
likely to have a strong effect with regard to interaction with the copper nanoparticles, with less 
ligand on the nanoparticle surface, more of the ZnO surface is available to interact and form the 
active sites.  
The reactions were monitored over a number of hours and another trend was observed 
(Figure  3.22); as the reaction progressed the activity of the catalyst began to fall, whilst the 
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higher ligand loading retained high activity over 16 hours, the nanoparticles with lower loading 
rapidly dropped in activity (up to 25% over 10 hours). One explanation for this phenomenon is 
that this is a result of nanoparticle agglomeration; the phosphinate ligand stabilises the 
nanoparticle surface, preventing sintering with other nanoparticles and retaining high surface 
area. Having little ligand coverage initially exposes more surface area to give high activity but 
over time agglomeration of nanoparticles leads to decreased surface area and overall loss in 
activity. TEM, where clusters of several hundreds of overlapping particles could be seen post-
catalysis in the case of low ligand coverage, whereas the agglomerates were noticeably smaller 
for the high ligand loading. 
 
Figure  3.23 TEM images of post reaction samples with a) 0.2 equiv. of ligand and b) 0.05 equiv. of DOPA ligand. 
However, initial studies have indicated that although the peak activities for these catalysts varied 
strongly with regard to the initial loading of ligand on the ZnO, over longer periods of up to 
70 hours the catalysts tended towards a common activity level, regardless of ligand loading. This 
trend may suggest that whilst the ligands are important for the initial structuring of the catalyst, 
in the long term a common catalyst species may evolve which is not dependant on the ligand. 
Further research is needed to determine the structure and stability of the catalyst over longer 
periods (see discussion later on catalyst deactivation).      
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Conclusions 
In summary, mixtures of ligated copper and ZnO nanoparticles were used as quasi-homogeneous 
catalysts for the synthesis of methanol by the hydrogenation of CO2.  It has been shown that, 
under the conditions of the catalysis, significant nanoparticle reorganisation takes place. From a 
mixture of separate ZnO and copper species, the nanoparticles interact to form the highly active 
copper-zinc oxide interface. This interface, likely results in the formation of a metal-
semiconductor junction and reduction of the ZnO creating a Cu-Zn alloy. Furthermore, in some 
cases, there is also significant restructuring of the nanoparticles, with the zinc oxide taking on a 
more pyramidal structure and self-assembling with copper nanoparticles to create interesting 
inverse bowtie Cu-ZnO morphologies.        
As the reaction proceeds, further interactions between the nanoparticles can result in the 
formation of large agglomerates, which have a lower surface area, causing a drop in the catalyst 
activity. This deactivation can be affected by many factors, including the concentration of the 
catalyst in the reactor and the loading of ligand. The choice of ligand also has a significant effect 
on the catalyst, with the optimal mixture of reducible ligand on the copper with the non-
reducible ligand on the zinc oxide surface leading to the most active catalysts.  
The formation of a colloidal Cu/ZnO catalyst from a mixture of the separate species differs 
greatly from the common co-precipitation route found in the literature, which involves several 
ageing, reduction and calcination steps from a specific mineral structure. Introducing colloidal 
suspensions of the separate pre-catalyst species offers a lot more flexibility; different additives, 
different ligands and different ratios of the catalyst precursor can be experimented with, without 
the restriction of specific minerals.  
The work presented in this chapter offers plenty of room for further exploration; in terms of 
catalysis, furthering our understanding of how different conditions can affect the reaction and 
how the activity and catalyst structure changes over longer periods of time (>100 hours). In 
addition, the self-assembly of nanoparticles and how specific structures affect catalysis is of 
immense interest currently in the wider scientific community and the research presented in this 
chapter may offer further insight and inspiration to these fields.   
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Introduction 
It is well acknowledged that the interface between the copper and the metal oxide support 
material is of vital importance in the formation of methanol synthesis catalysts (see introduction 
to Chapter 3).29,31,34,45,224,260 In the commercial Cu/ZnO/Al2O3 system this interface is achieved 
and maximised through careful co-precipitation of appropriate precursors followed by ageing, 
washing, drying, calcination and reduction steps.22,24 This very specific sequence is required in 
order to achieve a formation of a precursor mineral, whose structure lends itself to the growth of 
alternating copper and zinc oxide crystallites upon calcination and reduction.23,24 As discussed in 
the main introduction to this thesis (Chapter 1), the use of colloidal nanoparticles as quasi-
homogeneous catalysts for carbon dioxide may offer some potential advantages over the 
commercial fixed bed process, and is an interesting synthetic system worthy of study. However, 
the success of such systems requires the construction of this copper- metal oxide interface on a 
nanoscopic level, within discrete colloidal nanostructures. 
One possibility involves the mixing of metal and metal oxide nanoparticles and allowing the 
interface to form through a self-assembly process, in-situ, as reported in the previous chapter 
(route (G) in the schematic below, Figure  4.4). Further, the formation of the interface is limited, 
so that not every copper nanoparticle is in contact with a zinc oxide particle and vice versa. This 
chapter will explore different synthetic methods for the formation of hybrid Cu-ZnO 
nanoparticles. The objective is to create a nanostructured colloidal catalyst, with increased 
activity and stability by controlling the interface.   
Hybrid nanoparticles have been defined as ‘multi-component particles with discrete domains of 
different materials arranged in a controlled fashion’.261 The synthesis of such structures has been 
a hot research topic in recent years, due to their unique electrical, optical, catalytic and other 
properties.261-265 In the past decade, syntheses have developed beyond “simple” binary (also 
known as Janus) nanoparticles and there have been examples of ternary and larger hybrid 
nanostructures.266 Hybrid nanostructures can be further subdivided into various subclasses 
combining different sets of metallic, magnetic, plasmonic, and semiconducting systems.261,263 
Many syntheses have been developed to pair specific combinations; though, attempts at general 
approaches to form different hybrid systems have tended to rely on epitaxial growth 
mechanisms.263 However, this method relies on the lattices of the constituents forming a 
coherent interface, which is not always applicable to a chosen pair of phases.267,268 Weng et al. 
recently developed a more complicated scheme employing an ‘inter-medium’ which forms a 
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secondary unit and then Lewis acid-base reactions are utilised to convert the inter-medium to the 
desired hybrid structure, which may a be helpful strategy for certain hybrid structures.264  
Copper based hybrid nanoparticles are less common than those of the other coinage metals, 
perhaps due to the difficulties in obtaining well controlled copper nanoparticles.99 However, over 
the years, several attempts have been made to synthesise colloidal copper-zinc oxide hybrid 
structures with the intention of using them as catalysts for the methanol synthesis reaction. In the 
following section, a few of the major methodologies will be outlined (see a summary schematic, 
Figure  4.4); many of these hybrid structures have been tested as methanol synthesis catalysts and 
the results are summarised in Table  4.1.  
Thermal decomposition (A) 
Compounds of weakly electropositive metals such as copper, generally undergo thermolysis at 
relatively low temperatures which, in the presence of suitable ligands, is often utilised in the 
formation of colloidal nanoparticles.84,269  
In 2001, Becker et al. were able to form mixed metal single molecular precursors of the type, 
[(Me3Si)3CZnCl.Cu(OCH(R)CH2NMe2)2]; this alkoxide type structure was then decomposed at 
temperatures of up to 500 °C, under an argon/oxygen atmosphere, to yield a composite material 
composed of copper and zinc oxides. Thermolysis of the precursor, using a hydrogen/nitrogen 
feed, yielded a copper-zinc oxide nano-composite.270 Utilising a similar concept, Weiss et al. 
prepared bimetallic coordination compounds with cyano or ethylenediamine ligands, which were 
then thermally decomposed to generate ZnO/Cu, under a hydrogen atmosphere.271 Interestingly, 
only the product formed from the ethylenediamine coordinated precursor successfully reduced 
syn-gas to methanol (up to 30% relative to the industrial catalyst), with the product generated 
from a cyano precursor apparently poisoning the surface.  
Hambrock et al. found that the thermal decomposition of [Cu(OCH(Me)CH2NMe2)2] and Et2Zn 
in hexadecylamine (HDA) solvent at 180 °C, generated colloidal nanoparticles (Figure  4.1b).272 
Varying the ratio of the copper and zinc precursors resulted in nanoparticles of varying 
composition from zinc doped copper nanoparticles to various copper-zinc alloys. The surface 
oxidation of the alloy led to preferential oxidation of the zinc component, giving rise to colloidal 
Cu/ZnO or Cu/ZnO1-x products. However, these colloidal nano-composite structures are not 
active in methanol synthesis from syn-gas.273 In an adapted synthesis, Schröter et al. performed a 
sequential thermolysis of the same copper precursor, followed by adding Et2Zn in squalane at 
200 °C without any ligand.273 This reaction resulted in the formation of a solution of extremely 
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small nanoparticles (1-3 nm). EXAFS analysis indicated that they consisted of copper and 
oxygen deficient zinc oxide (ZnO1-x). When the colloidal hybrid nanoparticle solution (Cu:Zn 
1:1) was tested for methanol synthesis from syn-gas up to 84% of the activity of the industrial 
catalyst was achieved (when run under the same conditions). The authors reported that the 
catalyst remained unchanged even after several days of catalytic testing even though there is no 
ligand present, this stability was ascribed to the electrostatic repulsion of the small nanoparticles. 
    
Figure  4.1 a) Dark-field TEM image of Β-CuZn nanoparticles synthesised by microwave decomposition of Cu and 
Zn aminidates in propylene carbonate. (Image from Schute et al.274 reproduced with permission © Royal Society of 
Chemistry under a CC BY NC-3.0 licence) b) Bright-field TEM image of CuZn alloy nanoparticles from the co-
thermolysis of Cu and Zn precursors in HDA (image adapted from Hambrock et al.272 with permission © 2003, 
American Chemical Society)   
In a later study, Schütte et al. heated a mixture of copper and zinc aminidates in ionic liquids 
using microwave irradiation.274 The resulting dark brown solution was found to be composed of 
CuZn alloy nanoparticles, of approximately 50 nm diameter. When using a propylene carbonate 
solvent instead the nanoparticle diameter increased up to 100 nm (Figure  4.1a). The ionic liquid 
colloidal suspension was used to hydrogenate syn-gas to methanol after an induction period of 
about 3 hours. Analysis of the catalyst post-reaction suggests that the origin of the catalytic 
activity is a result of the nanoparticle oxidation to form Cu/ZnO.    
Synthesis by reduction chemistry (B) 
One of the more common methods of generating metallic nanoparticles is through the reduction 
of metal salts using metal borohydride reducing agents.122 An early example of colloidal 
methanol synthesis using such a route is by Itoh et al. in 1989.275 Solutions of reducing agents 
(NaBH4, KBH4 or LiAlH4) were added to suspensions of copper and zinc metal salts (Cu: Zn 
7:3) to achieve a black solution. The product was dried, washed and re-suspended with an 
ultrasonic generator, and reduced, under a dilute flow of hydrogen gas. Different metal 
precursors and different reducing agents resulted in markedly different activities. The best 
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system, derived from mixtures of Cu(acac)2 and Zn(acac)2 reduced with LiAlBH4, achieved 
double the methanol synthesis activity of the industrial catalyst. TEM micrographs showed the 
average catalyst size to be about 20 nm. The authors suggested that traces of aluminium from the 
reducing agent may be responsible for the higher activity.    
Synthesis by alkyl metal reduction (C)   
In 2005, Bonnemann et al. developed a simple method of preparing monodisperse colloidal 
copper nanoparticles (9-10 nm) through the reduction of copper salts with triorganoaluminium 
compounds.276 The organoaluminium compound acts as both the reducing agent and the 
stabilising ligand allowing the copper nanoparticles to disperse in organic solvents without 
agglomerating. Schüth and co-workers used an adaptation of this synthesis to form small 
octylaluminium stabilised copper nanoparticles, (3-6 nm).277 Surprisingly, despite the lack of a 
zinc component the colloidal catalyst was moderately active for methanol synthesis, albeit at 
high pressures, achieving 73% of the activity of the industrial catalyst (under the same, high 
pressure conditions). Other authors noted that the aluminium surface groups may have a similar 
role in catalysis to the more common ZnO.273 
This methodology is similar to an earlier study which used organozinc or organoaluminium 
compounds to reduce copper salts into colloids. Petit and co-workers reduced Cu(acac)2 with 
diethylzinc, in the presence of buta-1,3-diene, which resulted in the formation of a dark brown 
colloidal solution.278 Upon heating the colloidal solution, under hydrogen atmosphere the 
resulting Zn(acac)2 (formed through a ligand exchange reaction) is converted to ZnO. 
Interestingly, when the resulting suspension was tested for syngas reduction, initially a large 
amount of ethanol was formed although methanol and hydrocarbons were the main products 
after a couple of hours. A later EXAFS study of this catalyst, showed that ZnEt2 reduction of 
Cu(acac)2 produces colloids as small as 1.2 nm in diameter, and furthermore, the butadiene 
reacts with the zinc species to form cubic Zn-O clusters which are known precursors to ZnO.279   
More recently, our group has reported a similar synthesis, diethylzinc was used to reduce 
bis(stearate) copper in squalane solvent generating small copper colloids and ethylzincstearate 
species.250 When tested for the CO2 hydrogenation, the excess diethylzinc together with the 
ethylzincstearate species rapidly hydrolyse to form stabilised ZnO species. This colloidal 
mixture was highly active, with comparable peak activities to the industrial catalyst, and the 
activity could be increased slightly by replacing the bis(stearate) copper precursor with the more 
reductively stable bis(di-octylphosphinate) copper(II). The stearate groups in the initial copper 
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species result in a large concentration of stabilising ligands for the colloidal species causing the 
high activity to be maintained for at least 15 hours.  
Photo-reduction (D) 
An interesting alternative method of reducing copper precursors is through photo-reduction. ZnO 
is a wide band-gap semiconductor, as such it can absorb high-energy photons and upon photo-
activation it can reduce copper species, whilst the positive ‘hole’ generated oxidises the solvent 
(such as methanol) thus balancing the reaction. Lu et al. proved this concept by reducing a 
[Cu(OCH(Me)CH2NMe2)2] to copper nanoparticles deposited on large zinc oxide nanoparticles, 
using a UV lamp at room temperature (Figure  4.2).280 Further studies by the same authors 
showed that changing the copper precursor and solvent can change the size and composition of 
the resulting product.281,282 
 
Figure  4.2  Cu/ZnO nanocomposites formed by photoreduction of different copper precursors onto ZnO 
nanoparticles. (images adapted from Lu et al.280,281 reproduced with permission © 2002, Royal Society of 
Chemistry)  
In a more recent, study Sliem et al. prepared colloidal Cu/ZnO nanohybrid catalysts by reducing 
the same copper precursor, onto pre-prepared colloidal, ZnO nanoparticles.248 Whilst copper 
nanoparticles could not be directly imaged on the ZnO surface using electron microscopy 
techniques, several indirect methods (such as photoluminescence and Raman scattering 
spectroscopy) were used to indicate that there were small copper ‘nano-patches’ on the ZnO 
surface. In a subsequent study, the amine ligand was replaced with stearate and the colloidal 
catalyst was tested for methanol synthesis.191 Surprisingly, under syn-gas hydrogenation 
conditions, the catalyst showed negligible catalytic activity, the authors attribute this to low 
quantities of copper, a particle size mismatch between the copper and the zinc oxide and an 
unfavourable copper morphology (just a few atomic layers) for the SMSI effect (see Chapter 3 
Introduction).     
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Hydrogenolysis (E)  
Di-hydrogen has long been used as clean reducing agent, converting the metal oxides to the zero 
valent metal with only water as a side product in a reaction known as hydrogenolysis; it is used 
industrially for the production of many metals.283 Hydrogen has also long been recognised as an 
effective reducing agent in the synthesis of colloidal metal nanoparticles, particularly precious 
metals such as Au, Ag, Ir, Pt, Pd, Rh, and Ru.122  
Cokoja et al. found that solutions of CpCu(PMe3) and Zn(Cp*)2, in mesitylene are easily reduced 
by 3 bar of H2 at 150 °C into colloids of the appropriate zero valent metal.
284  When using a 
mixture of the two metal precursors, a CuZn alloy nanoparticle precipitate was formed, with a 
ratio of the elements varying with the composition of the starting mixture. The product could be 
dispersed in organic solutions by addition of a weak surfactant, poly(2,6-dimethyl-1,4-phenylene 
oxide (PPO), prior to the hydrogenolysis. This reaction gave a colloidal solution of dispersed 
nanoparticles approximately 25 nm in diameter. Upon exposure to air, the samples with more 
than 15% zinc content showed no copper oxidation, it is suggested that the zinc component is 
preferentially oxidised resulting in a protective layer of ZnO thus forming a Cu/ZnO hybrid 
nanostructure. Unfortunately, a later study stated these catalysts were inactive for methanol 
synthesis,273 perhaps the inactivity can be ascribed to the ZnO layer blocking access to the 
copper surface.   
  
Figure  4.3 a) Zinc stearate capped copper nanoparticles, with inset electron diffraction pattern. B) colloidal 
Cu/ZnO nanoparticles after 22 h after syn-gas reduction. (images from references 223,249 reproduced with 
permission © 2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim)   
In another study by Sliem et al., bis(stearate) copper(II) was mixed together with preformed 
stearate-capped ZnO nanoparticles and reduced under a flow of hydrogen at 5 bar, 220 °C for 
16 hours.191 The resulting product was not characterised, but immediately the gas feed was 
changed to syn-gas, the methanol activity peaked at 65% of the commercial catalyst and dropped 
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steadily over the subsequent hours. Post-reaction characterisation showed there were large 
copper nanoparticles (20-50 nm) together with the smaller ZnO nanoparticles, some of which are 
decorating the copper surface. The low activity is ascribed to the particle size mis-match and the 
large copper domains, resulting in lower overall surface area.   
A more effective catalyst was produced by mixing a suspension of copper and zinc stearates in 
squalane under 5 bar of hydrogen to generate zinc stearate stabilised copper nanoparticles 
(Figure  4.3a).223 TEM studies showed the copper colloidal nanoparticles were 8 nm on average 
whilst XRD and XPS indicated that the zinc stearate was protecting the colloidal copper. ATR-
IR spectroscopy studies with carbon monoxide, further indicated the presence of zinc adatoms 
on the copper surface. Preliminary methanol synthesis catalysis gave high activity with a 50:50 
mixture of copper and zinc, leading to a catalyst with better activity than that of the industrial 
catalyst under the same conditions. The zinc stearate is proposed to hydrolyse in the presence of 
water generated in the reactor. In a later study, Schimpf et al. were able to increase this activity 
by melting the two metal stearates under an inert gas prior to the introduction of hydrogen.249 
This pre-reduction treatment induced better mixing of the copper and zinc and gave a 50% 
increase on the methanol synthesis activity. A TEM analysis of the nanoparticles post catalysis 
showed the formation of “bow-tie” structured aggregates with two pyramidal ZnO nanoparticles 
“pointing” to a central spherical copper nanoparticles (see Figure  4.3b and previous chapter). 
These structures have been described and discussed at length in the previous chapter and might 
be responsible for the remarkably high catalyst activity.  
Metal vapour synthesis (F) 
Another alternative synthesis is through the co-condensation of metals, together with a 
stabilising solvent at low temperatures, which upon warming results in a slurry of nanoparticles; 
a surfactant is added to prevent ripening and agglomeration. This general approach has been 
used to synthesise a range of metallic nanoparticles in large quantities.285-287 Jagirdar and co-
workers formed separate colloids of copper and zinc stabilised in a butanone dispersion.245 The 
individual dispersions were found to be polydisperse (2-8 nm and 48 nm respectively); however, 
by mixing the colloids with a large excess of HDA ligand and heating to 80 °C, for six hours, a 
black-brown colloid resulted through a “digestive ripening” reaction. Analysis of the resulting 
nanohybrid particles, showed them to consist of mono-disperse nanoparticles (~3 nm in 
diameter), with a copper core and a zinc oxide shell.  
In a variation of that approach, Richter et al. used a metal vaporisation process, in an ionic liquid 
at room temperature, to condense copper atoms onto zinc oxide nanoparticles in solution.288  
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Electron microscopy analysis found that the majority of the copper had formed in small particles 
on the ZnO. To date, neither of these colloidal samples has been tested as catalysts for methanol 
synthesis although their structure looks promising.  
In conclusion, there have been many attempts to form colloidal Cu/ZnO nanohybrid catalysts, 
however this process is not straightforward, with many of the likely candidates displaying no 
activity. Comparing the performance of these various catalysts is not straightforward, there are 
not yet any standard conditions for testing such catalysts and each study used different 
conditions including gas feed, pressure, temperature, measure of activity and flow etc. Indeed 
each reactor is likely to give slightly different results. As such, most authors have also tested the 
standard industrial catalyst in the same reactor and this can be used as a benchmark to allow 
comparison across different systems.  
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Table  4.1 Comparison of colloidal methanol synthesis catalysts reported in the literature. 
a) Activity reported, relative to the industrial ternary catalyst Cu/ZnO/Al2O3 under the same conditions. b) 
not reported. c) pre-synthesised stearate capped- ZnO nanoparticles. d) No zinc in this catalyst. e) a 
mixture of long chained hydrocarbons, see reference for more details. r) reference number  
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Scope 
The discovery of a route to obtain small copper and ZnO nanoparticles with a large interfacial 
contact between the copper – ZnO, whilst maintaining high surface area and stability can be 
considered to be the “Holy Grail” in colloidal methanol synthesis catalysts.   
This chapter will describe a preliminary exploration of various routes to deposit copper on the 
surface of ZnO nanoparticles using some of the more promising methodologies outlined in the 
chapter introduction (A, B and E). The thermolysis of two simple copper(I) precursors, copper 
hydride and mesitylcopper(I) in the presence of ZnO was explored first. Next, reduction using 
hydrazine and phenylsilane was attempted before finally using a hydrogenolysis reaction to 
reduce mesitylcopper(I) on to pre-formed colloidal ZnO nanoparticles. The resulting hybrid 
structures were analysed and their catalytic activity, for methanol synthesis from CO2 and H2, 
investigated. The best system, involving the hydrogen reduction of copper(I) mesitylene, on pre-
formed di-octyl phosphinate capped ZnO nanoparticles, will then be presented in more detail, 
exploring the role of the ligand and copper to zinc ratio effects.  
 
Figure  4.4 General schematic of ways to produce colloidal nano-Cu/ZnO hybrid catalysts. Dark blue arrows 
indicate routes attempted in this chapter, green arrow indicates method developed in the previous chapter and pale 
blue arrows indicate other methods discussed in the chapter introduction.  
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Thermal decomposition of copper hydride 
Copper hydride (CuH) is a metastable solid first isolated by Würtz in 1844,289 it was not well 
characterised until recently due to the high extent of impurities present in the traditional 
synthesis and its tendency to decompose.290 Due to the metastable nature of the copper hydride, 
it decomposes291 slowly to form copper and hydrogen even at temperatures as low as 0 °C. The 
rate of decomposition can be greatly increased by applying heat,292 the addition of 
electrolytes,293 vacuum purification,291,294 and through electron beam irradiation.295,296 
CuH has the potential to be an excellent precursor for the formation of colloidal Cu/ZnO 
composites as the thermal degradation of the precursor is straightforward, clean and is unlikely 
to damage the ZnO nanoparticles. Other authors have also proposed that this degradation can be 
used for the formation of supported copper nanoparticles for catalysis.295,297 Previous attempts to 
form copper hydride in the presence of ZnO failed, although mixing the two solids resulted in 
the formation of copper and copper oxide on the ZnO surface.298 The synthesis explored in this 
thesis is illustrated in Reaction  4.1: 
 
Reaction  4.1 The thermal decomposition of copper hydride onto phosphinate capped ZnO nanoparticles. i) 
Degassed toluene, 10 mL, 70 °C, 16 h. 
CuH was prepared using a literature method, and repeatedly washed under an inert atmosphere 
to obtain a red-brown precipitate.291 This solid was suspended in toluene and rapidly added to a 
hot solution (70 °C) of phosphinate-capped ZnO nanoparticles. The solution gently bubbled and 
was left stirring over 16 h, after which a grey precipitate had evolved.  
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Figure  4.5 XRD pattern of Cu/ZnO composite prepared by thermal degradation of CuH with DOPA capped ZnO 
nanoparticles. Reference peaks for copper (PDF 00-004-0836), copper(I) oxide (PDF 01-071-3645), copper 
hydride (PDF 00-002-1054) and ZnO (PDF 00-036-1451) are displayed in grey, dashed dotted and black 
respectively. 
The XRD pattern of the isolated precipitate corresponded with crystalline copper and ZnO with 
no traces of the original CuH (Figure  4.5). The Scherrer equation gave approximate nanoparticle 
sizes of 5 nm and 6 nm, for the ZnO and copper respectively. Unfortunately, despite the 
promising result, the product was totally insoluble in any solvent and was therefore unsuitable 
for use as a colloidal catalyst.  
Several studies of CuH prepared using the aqueous route have proposed that the surface of the 
metal hydride retains significant amount of water (up to 40%), the removal of which leads to 
spontaneous decomposition.291 It has been suggested that this water protects the metastable CuH 
structure, retarding its decomposition. The removal of this water causes the abstraction of copper 
atoms from the lattice forming a nucleation point for the decomposition of CuH.293 Thus by 
mixing the CuH with diethylzinc solution, it is expected that the diethylzinc will react rapidly 
with the adsorbed water to form ZnO. The abstraction of the water, in turn, will destabilise the 
CuH causing it to decompose spontaneously to form copper nanoparticles resulting in an 
intimate mixture of ZnO and copper. 
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Reaction  4.2 Reaction of CuH with diethylzinc. (i) Degassed toluene, 10 mL, initially at 0 °C then raised to 80 °C, 
90 min.. 
CuH was freshly prepared and added to a solution of diethylzinc and DOPA ligand (0.2 
equivalents), Reaction  4.2. The DOPA-H ligand was added to the solution with the intention of 
preventing particle aggregation and enabling the formation of a soluble product. The solution 
initially bubbled gently going from red-brown to dark grey over the course of several minutes. 
The solution was heated to 80 °C, for 90 minutes, to ensure complete decomposition of the CuH, 
resulting in a suspension of dark grey powder. 
Powder X-ray diffraction of the product showed peaks corresponding to ZnO and copper with no 
traces of starting materials or other copper side products (Figure  4.6). The peaks corresponding 
to copper were much sharper than observed previously, indicating that the crystallites were much 
larger. The Scherrer equation approximated the ZnO crystallites to be less than 10 nm in 
diameter and the copper crystallites were calculated to be over 49 nm in diameter on average. 
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Figure  4.6 XRD pattern of the reaction of diethylzinc with CuH. Reference peaks for copper (PDF 00-004-0836), 
copper(I) oxide (PDF 01-071-3645), copper hydride (PDF 00-002-1054) and ZnO (PDF 00-036-1451) are 
displayed in grey, dashed, dotted and black respectively. 
The product was further examined by TEM, (Figure  4.7); in image a) large flake-like structures 
can be seen as well as smaller particles. Higher resolution image of the same nanoparticles 
(image b) shows them to be fairly regular crystalline spheres approximately 5 nm in diameter, 
the FFT diffraction pattern for these small nanoparticles matches well with Wurtzite ZnO with 
no other diffraction peaks. In an electron microscopy study, by Herley et al., copper hydride 
produced via the aqueous method was found to produce large flakes with a similar morphology 
to that seen in Figure  4.7a.296 A more recent cryo-SEM study showed the CuH particles to 
initially have a ‘desert-rose’ structure and as the metal hydride decomposed to copper, this 
morphology was retained, with STEM images which appeared not dissimilar to the images 
obtained here.290 Consequently, it can be concluded that the diethylzinc successfully triggers the 
reduction of the copper hydride, however the resulting copper remains as large crystallites and 
there is not the close interface and dispersion with the ZnO nanoparticles formed.  
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Figure  4.7 TEM images of pre catalyst formed by decomposition/oxidation reaction of CuH with ZnEt2 a) Low 
resolution images showing small nanoparticles and much larger flake-like structures. B) HR image of small 
nanoparticles showing regular nanoparticles roughly 5 nm in diameter. C) FFT image of the same nanoparticles 
showing them to consist of crystalline ZnO.   
Using this product as a pre-catalyst resulted in a low activity, achieving a maximum of 
3.4 mmolMeOH/gCuZnOh after 2 hours on stream and falling to almost half that value over the next 
ten hours (Figure  4.8). The poor activity was speculated to result from the large copper particle 
size and nanoparticle size mis-match. Further attempts to replicate this synthesis resulted in a 
number of problems including a variation of the nanoparticle sizes. This poor replicability 
highlights difficulties of working with an insoluble and unstable compound, making this method 
unsuitable for the generation of a successful catalyst.   
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Figure  4.8 Methanol activity of catalyst prepared from CuH and ZnEt2.Cu:Zn 1:1  
Another form of CuH can also be made through the reduction of copper salts with LiAlH4 in 
pyridine.299 However, the resulting soluble CuH product is difficult to purify fully from the 
lithium by-product and preliminary attempts were unsuccessful in forming the desired colloid 
hybrid structures.  
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Thermal decomposition of mesitylcopper(I) 
Although only isolated recently, mesitylcopper(I) has come to be considered ‘the most 
prominent homoleptic organocopper(I) compound’ with high solubility in many organic solvents 
and reasonable stability relative to other organocopper species.300 When subjected to heat, aryl-
copper species are proposed to undergo a free radical-mediated decomposition to copper and 
biaryl products.301 Mesitylcopper(I) has been utilised as a nanoparticle precursor since 2003, 
when injected into alkylamine solvent at 300 °C, the organometallic cluster undergoes 
decomposition to form mono-disperse ligated copper nanoparticles (approximately 9 nm in 
diameter), although the authors show that the decomposition reaction for copper actually occurs 
at much lower temperatures (less than 200 °C).302 Mesitylcopper(I) is also easily protonated, for 
example it reacts rapidly with tert-butan-ol at room temperature to form copper(I) alkoxide 
species.300,303  
The phosphinate capped ZnO nanoparticles discussed earlier (Chapter 2) are proposed to have a 
layer of Zn-OH surface groups.145 Mixing a solution of the nanoparticles with mesitylcopper, 
should result in a protonation of the mesityl moiety to produce free mesitylene and copper atoms 
decorating the ZnO surface. This reaction was tested on a small scale in an NMR tube, in 
Figure  4.9 the NMR spectrum of mesitylcopper(I) in degassed toluene-d8 can be seen in grey, the 
two peaks at 6.54 and 6.62 ppm correspond to the tetrameric and pentameric forms of 
mesitylcopper. A sample of ZnO nanoparticles was carefully dried to remove any surface bound 
water and added to the solution of mesitylcopper(I) and mixed for 16 hours, the overlaid 
spectrum (black line), showed a drop in the two mesitylcopper(I) peaks accompanied by a large 
increase in the peak at 6.66 ppm associated with free mesitylene as well as the growth of other 
small peaks, probably by-products associated with the radical decomposition of 
mesitylcopper.300,304,305   
 
Reaction  4.3 Reaction of mesitylcopper(I) with the hydroxyl groups on the ZnO surface (i) toluene-d8, 295 °K, 16 h 
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Figure  4.9 1H NMR spectra in toluene-d8 solvent. Overlaid spectra of mesitylcopper(I) solution before (grey) and 
after (black) addition of ZnO nanoparticles. S correspond to solvent peaks, a: mesitylene, b + c: pentameric and 
tetrameric isomers of mesitylcopper, d: suggested biaryl decomposition product.  
The copper atoms decorating the ZnO surface can then act as seeds for the growth of copper 
nanoparticles formed by the thermal decomposition of excess mesitylcopper. The reaction was 
carried out by slow addition of one equivalent of mesitylcopper(I) solution to a solution of 
capped ZnO nanoparticles. The solution was stirred for 2.5 hours and went from yellow to dark 
orange, leaving a brown sticky solid upon removal of solvents.   
An aliquot of sample was re-dispersed in hexane and the UV-Vis absorption spectrum was 
recorded (Figure  4.10). Whilst there was no sign of a copper SPR peak, there was a noticeable 
increase in absorption between 600 and 350 nm, which is similar to the spectra observed by 
Lisiecki et al. for very small copper nanoparticles.104 An alternative possibility is that interfacial 
contact between the copper and the ZnO can lead to electron transfer away from the metal 
surface resulting in a dampening and broadening of the SPR peak, so that the peak is not 
observed.248,306 The ZnO absorbance peak was also shifted to higher wavelength relative to the 
as-synthesised ZnO nanoparticles suggesting a growth in size (>6.5 nm). 
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Figure  4.10 UV-Vis absorption spectrum of mesitylcopper(I) + ZnO solution after thermal decomposition (dark 
line) and ZnO nanoparticles as synthesised (dotted grey line).  
 
Figure  4.11 XRD pattern of pre-catalyst prepared from decomposition of mesitylcopper(I) and ZnO nanoparticles. 
Note sample was exposed to air during transport which may lead to some oxidation.  Reference peaks for copper 
(PDF 00-004-0836), copper(I) oxide (PDF 01-071-3645) and ZnO (PDF 00-036-1451) are displayed in grey, 
dashed and black respectively. 
The pre-catalyst was also analysed by XRD, the sample was exposed to air during transportation, 
changing from dark brown to green, Figure  4.11. The XRD pattern matched peaks corresponding 
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to crystalline ZnO and Cu, there were also small shoulders indicating the presence of Cu2O 
though this is most likely the result of oxidation during transport. The Scherrer equation 
indicated that the ZnO crystallites had ripened up to 8 nm, the copper peaks could not be 
measured accurately due to the presence of oxidation products.  
TEM analysis of the sample showed many small nanoparticles, mainly in the range 3-8 nm, 
Figure  4.12. Higher resolution images showed close intermingling of many nanoparticles, and 
using the diffraction pattern to identify lattice planes, a copper nanoparticle is shown with an 
interface with a ZnO nanoparticle. 
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Figure  4.12 TEM images of the pre-catalyst prepared by the thermal decomposition of mesitylcopper(I) on to ZnO 
nanoparticles a) low resolution image showing many small nanoparticles. b) Higher resolution image illustrating 
nanoparticles 3-8 nm in diameter c) HR-TEM image with FFT diffraction patterns of neighbouring particles 
corresponding to Cu (111) and ZnO (110). 
The catalyst was re-dispersed in toluene and inserted into the degassed squalane in the reactor. 
Methanol production peaked at close to 20 mmolMeOH/gCuZnOh after approximately 3 hours 
before gently dropping off over the next 10 hours, Figure  4.13. After the reaction was terminated 
and cooled, a dark brown-red suspension was retrieved upon contact with air the solution went 
darker black and then eventually green, an indication of copper oxidation.  
146 
 
 
Figure  4.13 Methanol production activity for catalyst made from Cu-ZnO from mesitylcopper. Cu:ZnO 1:1  
The peak activity is approximately half that of the mixed nanoparticle catalyst discussed in the 
previous chapter (Chapter 3). The reason for this decrease can be attributed to a lack of 
stabilisation of the copper surface, although it initially forms an active surface on the ZnO 
nanoparticles, under the reactor conditions, with nothing to protect the copper surface, it rapidly 
sinters with other nanoparticles. Examination of a post-reaction mixture (albeit from a parallel 
run, this time in toluene) showed large clusters of up to several hundred sintered nanoparticles 
had formed (Figure  4.14). Higher resolution images, using FFT diffraction pattern analysis 
showed the clusters to consist of many sintered nanoparticles of ZnO and copper (and copper 
oxides, likely formed during sample preparation).  
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Figure  4.14 TEM analysis of post reaction mixture Cu:Zn 1:3 in toluene, a) Low resolution image showing many 
clusters of varying shapes and sizes. b) image of clusters showing it to be composed of many small nanoparticles c) 
HR-TEM image of single cluster where different lattices can be identified d) material phase map of the same cluster 
where the phase has been identified by the FFT diffraction pattern of the crystallite, blue = ZnO, Cu2O = green, 
Cu = red.    
Preliminary attempts to improve the activity, by varying the amount of copper precursor and 
changing other conditions were unsuccessful, although there is scope for further improvement in 
this catalyst system, perhaps with the addition of further ligand during the decomposition 
reaction.   
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Copper deposition with reducing agents 
Historically, metal nanoparticle colloids were formed by the reduction of metal salts in solution. 
As early as 1857, Michael Faraday used phosphorus to form colloidal gold solutions and even 
earlier tin chloride was used as a reducing agent.307,308 This general route is still one of the most 
common methods, employing a vast array of different metal precursors and reducing agents.122  
Hydrazine reduction  
Hydrazine is commonly used in the synthesis of nanoparticles, both due to its powerful reducing 
abilities and due to the clean nature of the reaction, with the only side products being gaseous N2 
and H2.
99,269,309,310 
Earlier attempts in the group to reduce copper salts in the presence of stearate stabilised ZnO 
nanoparticles resulted in large clusters with ripening of the ZnO nanoparticles resulting in the 
formation of ZnO nano-rod structures (Figure  4.15).311 Large excesses of hydrazine 
(10 equivalents) were required to reduce the copper precursor, leading to the conclusion that the 
hydrazine was preferably hydrogenating the stearate ligand, this in turn destabilised the ZnO 
nanoparticles, leading to the formation of nanorods.  
  
Figure  4.15 TEM image of hydrazine reduction of bis(stearate) copper onto stearate capped ZnO resulting in ZnO 
rod formation. Cu:Zn 1:20. (Image from C. Keyworth311) 
However, utilising the more reductively stable phosphinate ligands to protect the ZnO 
nanoparticles, it was proposed that the hydrazine will preferentially react with the copper 
precursor to induce copper nanoparticle formation. The pre-catalyst was prepared by adding 
bis(stearate) copper(II) to a solution of phosphinate capped ZnO nanoparticles in toluene and 
then degassed by sparging with nitrogen (Reaction  4.4). The solution was gently warmed until 
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everything had dissolved and rapidly mixed, before adding two equivalents of hydrazine 
solution. The solution went from blue to green to brown to metallic red over 90 minutes.   
 
Reaction  4.4 copper bis(stearate) reduction by hydrazine (1 M in THF) on to ZnO nanoparticles. (i) degassed 
toluene, 70 °C, 90 min.. 
The pre-catalyst solution was analysed by UV-Vis spectroscopy, a distinct shoulder is observed 
at ~355 nm indicative of ZnO nanoparticles (Figure  4.16). As noted with the previous sample 
(Figure  4.10), the copper plasmon peak expected at ~575 nm is not observed, instead there is an 
increased absorbance >350 nm associated with nanoparticle scattering. The disappearance of the 
plasmon peak can be ascribed to a transfer of surface electrons to the ZnO as discussed earlier.  
 
Figure  4.16 UV-VIS spectrum of pre-catalyst solution formed by reduction of bis(stearate) copper onto the ZnO 
nanoparticle.. Cu:Zn 1:2 (dark line) and ZnO nanoparticles as synthesised (dotted grey line). 
The sample was further characterised by TEM which showed surprisingly regular nanoparticles 
approximately 5 nm in diameter (Figure  4.17). FFT diffraction pattern analysis of high 
resolution images, showed the nanoparticles to consist of copper (or possibly Cu2O) or ZnO, 
however on most occasions there appeared to be a regular spacing between the nanoparticles 
suggesting a shell of ligand coating the nanoparticles and obstructing the formation of an 
interface between the copper and ZnO. However, in some cases there appeared to be a closer 
interface between the nanoparticles; this interface was more easily observed in the HAADF-
STEM image (Figure  4.17d) and the nanoparticles were identified using EDX mapping, which 
showed a close interface between a copper and a ZnO nanoparticle. There also appeared to be 
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some copper present on the ZnO nanoparticle, suggesting either some alloy formation or perhaps 
a copper stearate group on the ZnO surface. 
 
Figure  4.17 TEM image of precatalyst formed from hydrazine reduction of bis(stearate) copper and ZnO 
nanoparticles Cu:Zn 1:2  a) Low resolution image showing regular small nanoparticles b) high resolution image, 
with overlaid identification based on FFT diffraction pattern, the spacing between the nanoparticles is a result of a 
ligand shell. C) Diffraction pattern of nanoparticles from previous image. d)  HAADF-STEM image of two 
nanoparticles with a close interface and STEM-EDX map of copper (green) and zinc (blue). 
The catalyst was loaded into the reactor and the methanol activity was measured per gram of 
active catalyst (Figure  4.18). The catalyst was highly active, reaching approximately 
28 mmolMeOH/gCuZnOh within the first two hours, although the activity rapidly dropped to 
almost a third of the peak activity over the subsequent 12 hours.  
After the reaction a sample of the catalyst was retrieved and analysed by XRD, interestingly, in 
addition to peaks correlating to zinc oxide, extremely intense peaks were observed between the 
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2θ range 20-25 (Figure  4.19). These peaks are known to match stearic acid, di-octylphosphinic 
acid, bis(stearate) zinc and bis(stearate) copper. Furthermore, the peaks relating to copper or 
copper oxides were either small or absent. It would appear that in the presence of the excess of 
stearate present, the small copper particles oxidised back to form copper stearate and 
phosphinate species.  
 
Figure  4.18 Methanol activity profile for catalysts prepared by hydrazine reduction of bis(stearate) copper with 
ZnO. Cu:Zn 2:1  
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Figure  4.19 XRD of catalyst post reaction catalysts prepared by hydrazine reduction of bis(stearate) copper with 
ZnO. Cu:Zn 1:2 Reference peaks for copper (PDF 00-004-0836), copper(I) oxide (PDF 01-071-3645) and ZnO 
(PDF 00-036-1451) are displayed in grey, dashed and black respectively, dotted lines correspond to copper and 
zinc stearates, stearic acid and dioctylphosphinic acid (in-house samples). 
The catalyst activity, although high, is still lower than that observed in the mixed catalyst system 
discussed in the previous chapter, despite the obvious similarities in their consistency. A 
possible explanation is that the hydrazine reduction process affects the ZnO nanoparticles, either 
partially reducing the ligand, or just through a ripening process which limits the surface area 
available to react. If some of the hydrazine reacts with the capped ZnO nanoparticles, then it is 
likely that some of the bis(stearate) copper(II) remains unreduced accounting for the lower 
activity and the large stearate peaks in the XRD. 
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Hydrosilane reduction of copper onto ZnO 
Hydrosilanes are well known reducing agents, particularly in organic chemistry.312 The ability to 
reduce metal salts with hydrosilanes has been known since the 1950’s.313 Recently hydrosilanes 
have been recognised as simple and mild reducing agents of metal salts to form noble metal 
nanoparticles such as palladium and silver.314-316 Takahashi et al. used hydrosilanes to reduce 
copper(I) and copper(II) precursors under various conditions to form small copper nanoparticles 
(1-8 nm).317 It is proposed that the copper precursor is reduced to a CuH intermediate which is 
then further reduced, possibly through a degradation reaction to give copper. As a less reactive 
reducing agent, it is proposed that the hydrosilane will reduce the copper precursor onto the ZnO 
without damaging the ZnO nanoparticles. 
The reaction was performed, both with and in the absence of additional ligand (0.2 equivalents 
of di-octylphosphinate per zinc) to see if this made any difference, using an adaptation of 
Takahashi’s protocol (Reaction  4.5). Under anaerobic conditions, one equivalent of cupric 
acetate was mixed with DOPA capped ZnO nanoparticles in pentane to give a turquoise 
suspension. Four equivalents of phenylsilane were carefully added under vigorous stirring and 
the solution rapidly turned a dark blue colour. The solution was left stirring for one hour and the 
solvents, excess reducing agent and acetic acid by product were removed under vacuum to leave 
a dark residue.  
 
Reaction  4.5 Cupric acetate reduction by phenylsilane with phosphinate capped ZnO nanoparticles. i) 11 mL dry 
degassed pentane, (0.2 equiv. of DOPA-H ligand), stirred 1 h, solvents and some of the side products removed 
under vacuum. 
Characterisation of the precipitate by X-ray diffraction showed that both with and without 
additional ligand, the resultant product consisted of small copper nanoparticles and slightly 
larger ZnO crystallites than the starting metal oxide particles. The sample which was formed 
without the presence of extra ligand had slightly broader peaks indicating a smaller domain size. 
The sample with additional ligand also did not display peaks associated with crystalline cuprous 
oxide, possibly as the ligands may protect the copper surface, at least temporarily from 
oxidation. The growth of the ZnO nanoparticle may be a result of Ostwald ripening in the 
hexane solvent, or may indicate that some of the reducing agent reacts with the ligand allowing 
particle sintering. Both samples were exposed to air for only a few minutes before being 
scanned, although they did eventually turn green upon further air exposure. 
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Figure  4.20 XRD pattern of Cu/ZnO pre-catalyst formed by phenylsilane reduction of Cu(OAc)2 on ZnO 
nanoparticles a) without additional ligand b) with additional ligand. Cu:Zn 1:1 Reference peaks for copper (PDF 
00-004-0836), copper(I) oxide (PDF 01-071-3645) and ZnO (PDF 00-036-1451) are displayed in grey, dashed and 
black respectively, 
Analysis of the TEM images were more informative about the nature of the product, Figure  4.21. 
Low resolution images showed large irregular spheres from 20-200 nm in diameter, these 
structures were surrounded by smaller darker patches. Higher resolution images showed the 
larger structures to be amorphous, while the smaller darker patches consisted of small sintered 
crystallites. There were also small nanoparticles (2-5 nm) sitting on the holey carbon grid, these 
could be identified by their FFT diffraction pattern as Cu2O, which probably formed from 
metallic copper nanoparticles upon prolonged air exposure during sample preparation. STEM-
HAADF images, showed the same large amorphous structures and EDX mapping allowed them 
to be identified as consisting of silicon and oxygen, whilst the darker patches are copper. The 
zinc was also located around the large amorphous structures, suggesting the ZnO was bound to 
the surfaced of the silica particles.  
It is proposed that the acetoxy-silane by-product of the reduction reaction was hydrolysed by 
traces of water to form siloxy oligomers or polymers. These polymers have formed the 
amorphous nanoparticle spheres, which act as a support for most of the copper and ZnO 
nanoparticles. However some of the desired copper and ZnO nanoparticles may also be located 
inside the siloxy spheres which prevent them reacting with reactive gases in catalysis. Indeed, 
when employed as catalysts in the methanol synthesis reaction, both the sample with and without 
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additional ligand displayed poor activity. No method was found to remove the siloxy impurity 
and the amount present was difficult to quantify, thus it can only be reported that a maximum of 
7 mmolMeOH/gcath was achieved, which fell to half of that over the duration of 15 hours.   
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Figure  4.21 TEM images of pre-catalyst formed by the phenylsilane reduction of Cu(Oac)2 with ZnO. a) low 
resolution image showing nanoparticles on holey-carbon grid., b) higher resolution image showing individual 
amorphous nano-structure, approximately 50 nm in diameter and dark patches of smaller, aggregated crystallites. 
C) High resolution image showing copper crystallites as well as 2-5 nm nanoparticles directly on the grid. d) 
STEM-HAADF image. e,f,g,h) EDX- coloured maps show the distribution of Si, O, Cu and Zn in the same sample. 
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Mesitylcopper(I) reduction with dihydrogen onto ZnO surface 
Chaudret and co-workers have synthesised small 3-5 nm particles at relatively low temperatures 
(100 °C), by reducing mesitylcopper(I) solutions with hydrogen in the presence of alklamines.318 
In the absence of any ligand, a film of copper was formed, signifying the importance of a ligand 
in the formation of nanoparticles. This conclusion was corroborated by a subsequent study on 
this hydrogenolysis reaction, which noted that in the presence of insufficient ligand, large 
polydisperse nanoparticles were formed.119 With this in mind, it was hypothesised that by 
reducing copper nanoparticles in the presence of a solution of zinc oxide nanoparticles, the 
copper would be forced to nucleate on the ZnO surface to form the desired copper-zinc oxide 
interface. 
In a typical experiment, DOPA-capped ZnO nanoparticles and mesitylcopper(I) were dissolved 
in a dry toluene solution in a nitrogen glove box, the mixture was briefly stirred and sealed in a 
glass pressure tube. The vessel was transferred to a custom built, steel vacuum gas manifold 
(Schlenk line) fitted with hydrogen gas up to 4 bar of pressure. The solution underwent three 
cycles of de-gassing to remove any nitrogen in the vessel and was then backfilled with 3 bar of 
hydrogen gas. The vessel was sealed and heated to 110 °C (generating a pressure of 
approximately 4 bar) whilst being rapidly agitated and left stirring for 16 hours. Over a few 
minutes the solution went from yellow to dark orange and eventually dark red. After 16 hours 
the solution was cooled to room temperature and the excess pressure carefully released.  
 
Reaction  4.6 Hydrogen reduction of mesitylcopper(I) with capped ZnO nanoparticles. (i) degassed toluene 15 mL, 
stirred 15 minutes, (ii) 3 bar hydrogen, heated to 110 °C 16 h.    
Pre-catalyst analysis 
After the reaction, a small portion (0.1 mL) of the solution was diluted with further dry toluene 
(5 mL) and anaerobically transferred to an air-tight cuvette. The sample was analysed by UV-
Vis spectroscopy (Figure  4.22); analysis of the spectrum showed the large shoulder ~350 nm 
associated with the ZnO absorption. A new broad peak corresponding to the surface plasmon 
resonance (SPR) was observed, centred at approximately 566 nm, which is within the range 
typical of a copper nanoparticle.119 The relatively shallow SPR peak, can be explained by the 
interaction with the ZnO as discussed earlier or by damping of the plasmon oscillations by 
donation from delocalised π-bond electrons from the aromatic solvent.319 Dynamic Light 
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Scattering (DLS) of the same sample showed a single distribution of nanoparticles, with over 
99% of the particles with a diameter between 4 and 28 nm with a modal diameter of 6.5 nm. 
This corresponds to a small but significant increase in size relative to the ZnO nanoparticles as 
well as a broader size distribution, which can either signify the growth of a small copper shell on 
the ZnO nanoparticles, equally it can be attributed to some ZnO ripening accompanied by 
growth of copper nanoparticles within the size range.  
 
Figure  4.22 UV-Vis spectrum of DOPA capped ZnO nanoparticles before (without copper – in grey) and after 
(black line) mesitylcopper(I) added and reduced, in toluene. Cu:Zn 1:2. 
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Figure  4.23 DLS plot of nanoparticle diameter of ZnO nanoparticles before copper reduction (grey dashed line) 
and after (black solid line) both in toluene. Each plot is an average of 3 scans Cu:Zn 1:2 
An aliquot from the reaction was transferred to an XRD sample holder and the solvent allowed 
to evaporate to leave a thin film which was covered with Scotch Magic Tape™ to give a quasi-
hermetic seal to limit oxidation during transportation and scanning. Analysis of the XRD pattern 
appeared to show peaks corresponding to both copper and zinc oxide, however due to the 
breadth of the peaks as well as the noise induced by the Magic Tape it was impossible to rule out 
the presence of copper oxides or brass being present.  
 
Figure  4.24 XRD pattern of nanoparticle precipitate upon removal of solvent, background from Scotch Magic Tape 
removed. Reference peaks for copper (PDF 00-004-0836), copper(I) oxide (PDF 01-071-3645), Brass (Cu5Zn8 PDF 
00-025-1228) and ZnO (PDF 00-036-1451) are displayed in grey, dashed, dotted and black respectively. Cu:Zn 3:5    
Finally the sample was analysed by TEM, low resolution images showed many small 
nanoparticles approximately 4-5 nm in diameter as well as some larger (8-12 nm in diameter) 
particles (Figure  4.25). Higher resolution images of the pre catalyst mixture allowed chemical 
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analysis on the nanoparticles (based on the FFT diffractogram, e.g. Figure  4.25b) which 
identified the larger particles as copper (and copper oxides) and the smaller ones as zinc oxides. 
In other cases, (Figure  4.25d), the copper oxide nanoparticle appears to have formed an interface 
with adjacent zinc oxide nanoparticles. The oxidation of the copper is unsurprising bearing in 
mind the exposure to oxygen during the sample preparation. It is not possible to tell whether the 
interface between the copper and ZnO nanoparticle formed before or after the copper oxidised, 
although future studies with an environmental TEM holder may be able to shed more light. As 
well as the copper nanoparticles, there may well be a thin layer of copper on the ZnO 
nanoparticles, however, these individual surface atoms are extremely difficult to image due to 
delocalisation effects.248 
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Figure  4.25 a) low resolution TEM image of pre-catalyst solution, Cu:Zn 2:5 b) FFT diffraction pattern used to 
identify crystalline phases. Cu:Zn 1:2 c) High resolution image, with two larger copper nanoparticles surrounded 
by smaller ZnO nanoparticles, Cu:Zn 1:2 d) Cu2O nanoparticle bound to ZnO nanoparticles, Cu:Zn 1:2 In images c 
& d, not all nanoparticles could be assigned due to lack of crystalline features in the image.     
Overall, analysis of the pre-catalyst mixture points towards the formation of copper 
nanoparticles in addition to the ripening of the zinc oxide nanoparticles. Whilst it is possible that 
a small layer of amorphous copper was successfully formed on the ZnO surface, the techniques 
used to analyse the particle were not sensitive enough to confirm such a conclusion.   
Catalysis 
The pre-catalyst solution was inserted, anaerobically, into degassed squalane in the CSTR 
reactor previously described under the standard conditions and, after heating and bringing to the 
appropriate pressure, the formation of methanol was monitored with relation to time.  
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Figure  4.26 Methanol activity profile for catalysts prepared by hydrogen reduction of mesitylcopper(I) with ZnO 
nanoparticles. Cu:Zn 1:2.  
The methanol reached a peak activity of 39.9 mmol/gCuZnOh in under 2 hours of the reaction 
starting (Figure  4.26), similar to the peak activity of the mixed nanoparticle catalyst discussed in 
the previous chapter. Over the course of the next 15 hours, the methanol activity gently dropped 
off, this deactivation could be for many reasons (vide infra). After the reaction, an aliquot was 
removed anaerobically and analysed using the techniques as above. The solution was clear red in 
appearance and the UV-Vis spectrum was largely unchanged from that of the pre-catalyst, 
bearing in mind that the change in solvent may result in small changes in the absorption 
spectrum, (Figure  4.27). DLS, however, showed a slight narrowing of the size distribution and a 
reduction of the modal size to 5.6 nm (Figure  4.28). This reduction in size and range counters the 
general tendency for particles to grow over time through Ostwald ripening, it can be ascribed to 
a process known as ‘digestive ripening’ and has been described many times in the literature as an 
effective method for producing mono-disperse nanoparticles from polydisperse 
clusters.109,285,287,320 The mechanism for this process has not yet been fully established, although 
a recent paper has proposed that at high temperatures larger particles preferably have their 
surfaces and edges etched by capping ligands, whilst smaller particles will grow through a 
precipitation process until an equilibrium size is achieved, which is dependent on the 
temperature, solvent, metal and  capping agents amongst other factors.321 
The X-ray diffraction pattern of the post catalyst sample showed peaks corresponding to both 
zinc oxide and copper as well as peaks matching cuprous oxide. Figure  4.29. This oxidation is 
likely to have occurred during the extensive sample preparation in air, however unlike the mixed 
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nanoparticle catalyst described earlier, which resisted oxidation, the partial oxidation of the 
copper indicates that less of a ZnO protective layer had formed on the copper surface, although 
this may also be related to the small copper nanoparticle size which will oxidise more rapidly. 
The Scherrer equation showed the ZnO nanoparticles to be approximately 5 nm in diameter 
(based on the 110 peak) and the copper particles less than 10 nm. The size of the copper oxide 
layer was difficult to accurately determine due to overlap with other peaks but peak breadth 
suggests that it is no more than a few nanometres.  
 
Figure  4.27 UV-Vis spectrum of the post-reaction mixture (black solid line) compared to the pre-catalyst spectrum 
(grey dashed line), note change in solvent from toluene to squalane. Cu:Zn 1:2  
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Figure  4.28 DLS of post catalyst mixture (in squalane, black solid line), relative to the pre-catalyst (in toluene, 
black dashed line) and the ZnO nanoparticles (in toluene, grey dotted line). Cu:Zn 1:2 
 
Figure  4.29 Post reaction XRD pattern Cu:Zn 1:2 Reference peaks for copper (PDF 00-004-0836), copper(I) oxide 
(PDF 01-071-3645) and ZnO (PDF 00-036-1451) are displayed in grey, dashed and black respectively, 
These observations were confirmed by TEM analysis of the post-catalyst mixture (Figure  4.30). 
High-resolution bright-field images of the mixture showed many small overlapping 
nanoparticles. It is thought that these are overlapping rather than sintered together based on the 
DLS results which indicates that in solution all the particles are below 12 nm. Only the particles 
in focus, could be identified through their FFT diffraction pattern. Figure  4.30b, shows 
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diffraction spots associated with copper and zinc oxide, which when overlaid over the image, 
establishes that the copper and zinc oxide are in close contact. 
 
Figure  4.30 a) HR TEM of overlapping nanoparticles with identifiable nanoparticles labelled using FFT Cu:Zn 1:2 
b) FFT image of the same sample 
Effect of ratio 
To further investigate this catalyst system, the ratio of copper precursor to zinc oxide was varied 
in the initial copper reduction reaction. UV-Vis analysis of the pre-catalyst showed a similar 
spectrum in all cases, with peaks corresponding to both the copper surface plasmon (between 
565 and 575 nm) and a zinc oxide peak at <350 nm (Figure  4.31). A clear trend can be seen in 
the spectrum, with a decreasing UV absorbance associated with ZnO upon increasing the loading 
of ZnO, despite the concentration of ZnO remaining more or less constant. This trend can be 
explained by the alteration of the band structure induced in the ZnO by the deposition of copper 
on the surface. As suggested previously, the interface between the copper and the ZnO can result 
in a Schottky junction, resulting in the flow of electrons from the copper to the ZnO, which may 
affect the way ZnO absorbs photons. A similar effect has been noted by others in the formation 
of Ag/ZnO and Au/ZnO hybrid nanoparticles.322 An alternative explanation for this phenomenon 
could be that the increased concentration of copper nanoparticles in the system increases the 
amount of scattering at short wavelengths (Raleigh scattering) obscuring the ZnO peak. TEM 
and DLS measurements also showed nanoparticles in a fairly narrow size distribution, with no 
apparent trend in nanoparticle size with increasing copper content.  
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Figure  4.31 UV-Vis spectra of a series of pre catalysts prepared with increasing quantity of copper precursor. 
Spectra offset for clarity. Concentration of ZnO was maintained the same.   
In Figure  4.32, the peak activity for a series of reactions is plotted against the copper content in 
the catalyst, as can be seen, a small increase in copper from 12 to 16 percent copper gives a large 
increase in activity to 58 mmolMeOH/gCuZnOh, which significantly exceeds the highest activity 
achieved with the mixed catalyst at this concentration. However, with increasing copper content 
the peak activity then begin to drop. This is a surprising result as most authors have found that 
increased copper area usually results in higher activity catalysts,22,221 and the previously 
described mixed catalyst (Chapter 3) also found the highest activities at closer to 50% copper. 
This result may relate to the interaction between the copper and the ZnO; in Chapter 2 it was 
established that for ZnO nanoparticles, with 0.2 equivalents of DOPA ligand, 13% of the zinc 
atoms are ‘free’ at the surface. It is possible that the highest activity is achieved when these zinc 
atoms are functionalised with the copper precursor and that the addition of surplus copper does 
little to improve activity. An alternative explanation for these results is that upon reduction of the 
mesitylcopper, the metallic nanoparticles produced have little or no stabilisation to prevent 
sintering or aggregation except the ligated ZnO nanoparticles. As the copper content is increased 
relative to the ZnO, there is less stabilisation from the zinc oxide and its ligands, so the copper 
nanoparticles rapidly agglomerate in the reactor diminishing the surface area which is known to 
be the major cause of catalyst deactivation.232 
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Figure  4.32 Peak activity with increasing copper loading. Copper content measured by ICP-OES of pre-catalyst. 
Starred runs were operated at slightly lower pressures (45 bar) which may contribute to their lower activity, 
however, not enough to change the general trend.  
This agglomeration could be observed in the TEM images of the post catalyst mixture of the 
sample with the highest copper loading (Figure  4.33a-c). The lower resolution image shows 
many small individual nanoparticles as well as some larger domains, and in the higher resolution 
image, the sintering of the small crystallites can be observed. A line-scan of a similar cluster of 
nanoparticles with STEM-EDX showed the post reaction mixture to consist of an intimate 
mixture of copper crystallites and smaller zinc oxide nanoparticles.  
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Figure  4.33 TEM analysis of post reaction sample with catalyst with 41% copper loading. a) Low resolution image. 
B) Higher resolution image.  c) HAADF- STEM image of the same sample with overlaid EDX line scan showing 
how these clusters consist of intermingled copper and ZnO nanoparticles. 
Effect of additional ligand 
In light of these results, the effect of ligand addition was examined on catalyst activity. It was 
anticipated that the addition of excess ligand would stabilise the copper nanoparticles during the 
reaction and limit the extent of the sintering.  
Hexadecylamine ligand (2 equivalents per mole of copper) was stirred together with the pre-
catalyst solution for half an hour before being injected into the reactor. The reaction proceeded 
with a significant reduction in the peak activity and the subsequent drop in activity was almost 
identical to that of the catalyst without the additional ligand (Figure  4.34). 
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Figure  4.34 Methanol synthesis activity per mass of Cu/ZnO for a catalyst with (grey circles) and without (black 
squares) additional HDA ligand. Cu:Zn 2:5  
This behaviour is perhaps not so surprising, primary amines are only weakly bound to the copper 
surface and are sufficiently labile to allow the nanoparticles to ripen under the reaction 
conditions.118,119 However, the amine ligands do interact with the nanoparticle surface and can 
compete with the reactive gases for nanoparticle surface sites, which leads to the observed 
reduction in activity. The deleterious effect of HDA ligands on methanol synthesis catalysts has 
been identified in earlier studies.273  Furthermore, the amine ligand may actually interact with the 
phosphinate ligand on the nanoparticle, as has been observed for the mixed amine and 
carboxylate capped ZnO nanoparticles.114,169 This amine interaction may effectively reduce the 
nanoparticle stabilisation and actually lead to further particle sintering. Indeed, DLS analysis 
(Figure  4.35) of the post reaction mixture showed that the catalyst nanoparticles were 
significantly larger and more polydisperse than the post reaction nanoparticles for the catalyst 
without additional ligand.  
The UV-Vis spectrum of the post catalyst sample also showed a slight red shift of the copper 
surface plasmon compared to the catalyst without additional ligand (Figure  4.36). This shift is 
suggestive of a change in the copper surface most likely as a result of the changing ligand 
environment around the nanoparticle surface. Furthermore the peak associated with the ZnO 
absorption shows increased intensity, possibly as a result of the HDA ligand reducing the 
interaction between the copper and the ZnO as discussed earlier.      
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Figure  4.35 DLS plots of post-reaction mixtures for samples without additional ligand and with additional HDA 
ligand Cu:Zn 2:5 Samples in squalane, averages of 3 scans.  
 
 
Figure  4.36 UV-Vis spectrum of post reaction solution for catalyst with (black line) and without (dashed line) 
additional HDA ligand. Spectra offest for clarity. 
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In a further experiment on the effect of additional ligand, a small amount of stearic acid (0.5 
equivalents per copper) was added to the solution of ZnO nanoparticle and mesitylcopper(I) (in a 
5:2 ratio) prior to the hydrogenation reaction.  
 
Reaction  4.7 Hydrogen reduction of mesitylcopper(I) with capped ZnO nanoparticle with additional stearic acid. (i) 
de-gassed toluene 15 mL, stirred 15 minutes, (ii) 3 bar hydrogen, heated to 110 °C 16 h.    
After the reduction reaction, a clear, dark-red solution was obtained and the UV-Vis spectrum 
showed peaks corresponding to copper and zinc oxide nanoparticles comparable to the pre-
catalyst solution without additional ligand (Figure  4.37). The slight increase in the plasmon 
resonance peak is most likely associated with a denser ligand shell, which prevents the aromatic 
solvent dampening effect.119 The ZnO peak was red shifted (by ~20 nm), indicating growth in 
the ZnO nanoparticles. This growth is despite the addition of stearic acid which might be 
expected to etch the zinc oxide surface and reduce the nanoparticle size.  
 
Figure  4.37 UV Vis spectrum of hydrogen reduced pre-catalyst with (dashed grey line) and without (solid black 
line) additional stearic acid ligand. Cu:Zn 2:5 
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Figure  4.38 DLS plot of pre catalyst mixture reduced in the presence of stearic acid 
DLS showed the majority of particles to be below 10 nm, though with a small tail of particles 
between 10-50 nm (Figure  4.38). Electron microscopy analysis of the pre-catalyst confirmed that 
most of the nanoparticles were in the 3-12 nm size range (Figure  4.39). However, unlike the 
usual near- spherical ZnO nanoparticles, many of the nanoparticles were more faceted, with a 
hexagonal structure. In Figure  4.39b, an HR-TEM image shows a single ZnO nanoparticle with 
clearly faceted sides, this faceting is even more apparent in the STEM-HAADF image 
(Figure  4.39c). This perceived faceting may be simply a result of the larger nanoparticles, in 
which faceting is more obvious, or may relate to a genuine change to the ZnO. Whilst FFT 
diffraction patterns of the nanoparticles only showed crystalline ZnO an EDX spectrum of the 
nanoparticles showed there to be significant quantities of copper present, the absence of 
diffraction peaks relating to copper suggest that the copper is non-crystalline. EDX chemical 
maps of the same nanoparticles showed that the Zn was confined to the nanoparticles as 
expected however copper was present across the whole sample, suggesting that it exists as small 
(copper stearate) clusters both adsorbed to the ZnO surface and separately.    
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Figure  4.39 TEM analysis of pre catalyst mixture, synthesised with additional stearic acid Cu:Zn 2:5 a) Low 
resolution TEM image showing polydisperse particles nanoparticles. b) HR_TEM image showing slightly faceted 
hexagonal ZnO nanoparticle c) STEM-HAADF image of the pre catalyst with faceted features more apparent. D) 
EDS Cu and Zn maps of the same nanoparticles showing how copper is spread in small clusters over the whole 
surface. 
It appears that the stearic acid has more than one effect on the pre-catalyst solution. First of all, it 
facilitates some re-growth of the ZnO nanoparticles, the additional stearic acid effectively 
increases the concentration of ZnO monomer units in the solution (which would otherwise be 
very poorly soluble), and under the hot conditions enables Ostwald ripening to occur, etching 
away the smaller nanoparticles whilst larger particles grow.83 Secondly, the stearic acid is 
expected to react with the mesitylcopper, to give cuprous stearate (and mesitylene) which is then 
further reduced by the hydrogen to form Cu(0). Although the presence of Cu(0) could be 
evidenced by the red colour, the SPR peak in the UV-Vis absorbance spectrum, and the copper 
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peak in the EDS spectrum, HRTEM and FFT diffraction patterns found no particles of copper 
suggesting that the copper is present in small clusters or amorphous layers on the ZnO surface.  
This suggestion is supported by parallel work in the literature; Fischer and co-workers 
photo-reduced a copper precursor onto ZnO nanoparticles, HR-TEM of the nanoparticles found 
that they all had lattice parameters matching hexagonal ZnO. The authors suggest that the copper 
is present in small patches of only a few atomic layers on the ZnO surface, based on EDS, 
Raman enhancement and changes in the UV-Vis spectra, however they note that is difficult to 
image even with HRTEM due to delocalising effects.191,248 In another study, Carroll et al. 
precipitated and then reduced a CuO precursor onto ZnO nanoparticles.323 Through a detailed 
HAADF-STEM-EDX study of the nanoparticles they found that once the copper had been 
reduced it was dispersed as a homogeneous layer over the ZnO nanoparticles and only after 
several hours at 420 °C the copper coarsened into discrete crystalline nanoparticles. 
 
Figure  4.40 Methanol activity over time for catalyst prepared with extra stearic acid. Cu:Zn  2:5  
The pre-catalyst solution was inserted into the reactor, then heated and pressurised to reaction 
conditions. The methanol activity produced an unusual activity plot, the product per gram of 
catalyst surged to almost 61 mmolMeOH/gCuZnOh in less than 2 hours, before rapidly dropping to 
30 mmolMeOH/gCuZnOh at which point activity remained fairly constant until the reaction was 
terminated after 20 hours (Figure  4.40).  After terminating the reaction, in addition to the usual 
red solution, the walls of the reactor were covered in a reddish metallic coating, which quickly 
turned green upon exposure to air suggesting the presence of copper.   
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Figure  4.41 DLS spectrum of post reaction catalyst solution, remaining almost unchanged compared to the pre-
catalyst mixture. 
The soluble portion of the post reaction solution had a UV-Vis spectrum almost identical to the 
pre-catalyst solution, suggesting little change during the reaction (Figure  4.42). The red solution 
went darker upon exposure to air but there was no further precipitation even when precipitating 
agents (such as acetone) were added. Repeated centrifugation resulted in a concentrated solution 
which was dispersed onto a TEM grid with toluene for further analysis. Unfortunately traces of 
squalane remained, which diminished the quality of the images (Figure  4.43a). The DLS data 
shows that the particles remain small in solution (Figure  4.41), so the agglomerations observed 
in the TEM are due to the sample preparation and do not reflect agglomeration in solution. 
Higher-resolution images on the edges of the nanoparticle aggregates did show that it consisted 
of many small nanoparticles, generally less than 10 nm (Figure  4.43b). Once again, the FFT 
pattern showed no crystalline copper with spots correlating only to the d-spacings of Wurtzite 
ZnO (Figure  4.43d). Interestingly, these nanoparticles seem slightly smaller than in the pre-
catalyst mixture and no longer appear to be faceted, although the images are not of sufficient 
quality to determine whether this is truly the case.  In Figure  4.32c, the HAADF-STEM image of 
the sample can be seen, showing a similar agglomeration of small nanoparticles, the overlaid 
EDX spectrum shows significant peaks corresponding to copper, zinc and oxygen. Together the 
catalysis data together with the post reaction observations and characterisation suggests that 
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there is still copper present in the catalyst solution however it has not formed sizeable crystalline 
particles, rather it remains as copper stearate clusters or as patches on the ZnO surface. 
 
Figure  4.42 UV-Vis spectrum of the post reaction catalyst compared to the pre-catalyst. (note change of solvent 
from toluene to squalane) 
The unusual activity profile of this catalyst can be explained by the existence of very small 
copper clusters in the pre-catalyst solution. As the reaction proceeds these clusters adsorb to the 
surface of the ZnO nanoparticles creating a very high surface area catalyst with high activity. 
However, the stearate groups protecting the copper surface are reduced under the reactor 
conditions destabilising these small clusters, some of these ‘free’ copper clusters, with no 
stabilisation end up deposited on the walls of the reactor forming a thin film of copper. Other 
destabilised clusters deposit themselves on the surface of the ZnO forming layers of copper only 
a few atoms thick which explains the sudden drop in activity which levels out into a fairly stable 
catalyst.    
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Figure  4.43 Post catalyst electron microscopy analysis a) Low resolution TEM image of aggregated nanoparticles. 
b) high resolution TEM image of nanoparticles, note traces of squalane reduce image quality c) HAADF-STEM 
image of nanoparticle clusters with overlaid EDX spectrum showing presence of Cu, Zn and O (as well as Au, 
scattered from the gold TEM grid) d) diffraction pattern of nanoparticles only corresponds to ZnO 
In a similar experiment, Sliem et al. reduced bis(stearate) copper(II) with hydrogen in the 
presence of small stearate capped ZnO nanoparticles (ratio of Cu:Zn 1:2).191 Unfortunately, the 
pre-catalyst was not well characterised, however after 72 hours of syn-gas hydrogenation (at 
26 bar) the authors found that larger copper nanoparticles were formed 20-50 nm in diameter, 
with a small amount of zinc oxide on the surface as well as separate ZnO nanoparticles covered 
in a small layer of copper. It is interesting that in our catalyst, prepared at lower temperatures 
(110 °C vs. 220 °C) there was no evidence of larger copper nanoparticles forming, underlining 
the importance of the reaction conditions in the resulting nanoparticle formation. In an 
alternative attempt in the same publication, copper was photo-reduced onto the surface of similar 
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stearate capped ZnO nanoparticles. In that case a thin layer, only a few atomics layers thick, of 
copper was proposed to form on the ZnO nano-particles. Although run under very different 
conditions, with only half the amount of copper, it is interesting to note that the authors found 
that their catalyst mixture only produced negligible quantities of methanol, which they ascribe to 
the copper nanoparticles being too small, however that does not appear to be the case here.   
In conclusion, adding extra ligand has an interesting effect on the formation and activity of these 
catalytic mixtures however they were not able to stabilise the catalyst and maintain the high 
activity achieved after only two hours in the reactor. Initial tests with additional DOPA, which is 
a more reductively stable ligand, were promising but incomplete however this offers hope for 
future development of this catalyst system. 
 
  
179 
 
Discussion 
Catalyst synthesis 
This chapter explores different ways of forming colloidal Cu/ZnO catalysts, in particular through 
the deposition of copper on pre-formed ZnO nanoparticles in solution, with the objective to 
create a highly active CO2 hydrogenation catalyst.  
Growing a second, dissimilar material onto the surface of a pre-existing nanoparticle is an 
intricate undertaking.263 If the two materials have comparable interfacial energy, then an 
undesirable core-shell structure will form, however if the materials are too dissimilar it is 
difficult to induce the formation of an interface rather than generate separate homogeneous 
nanoparticles.262 Thus a strategy is needed which promotes nucleation of the second particle on 
the first material, without providing enough energy for homogeneous nanoparticle 
generation.261,263 For this reason, reaction temperatures were maintained at low temperatures, 
even in the thermolysis reactions. The presence of ligand in the solution can complicate this 
strategy, as the ligand can stabilise clusters of atoms forming the nucleus from which a 
nanoparticle can grow. This certainly seems to have occurred in the hydrazine reduction of 
bis(stearate) copper(II) where there is clear evidence of homogeneous copper nanoparticle 
formation, even in the presence of ZnO nanoparticles.  
Furthermore, the effect of ligand already present, bound to the ZnO nanoparticle, is not 
straightforward. The presence of a ligand is clearly important in colloidal nano-catalyst 
formation; during nanoparticle synthesis the ligand can play an important role in directing 
nucleation and propagation of the particle and more importantly, once formed, the ligand is 
responsible for prevention of nanoparticle agglomeration. When trying to deposit copper onto 
the ZnO nanoparticle surface, the effect of the ligand already bound to the ZnO surface may well 
hinder the establishment of the desired Cu-ZnO interface. A possible way to increase the 
interface is by reducing the amount of ligand present, using the partially capped ZnO 
nanoparticles discussed in chapter 2. TEM suggests however that in most instances, the copper 
(or copper precursor) has interacted with the ZnO ligand shell and formed separate ligated 
copper nanoparticles, distinct from the ZnO (see for example Figure  4.25). Whether this is in 
fact the case or that these separate copper nanoparticles are easier to characterise using TEM 
methods than a few layers of copper atoms on a ZnO surface, it is hard to tell.  
An intrinsic difficulty in forming Cu/ZnO hybrid structures, is the lattice mismatch between the 
major facets of the crystallites, thus favouring the formation of separate homogeneous structures. 
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A better strategy, worthy of future study, may be to deposit Cu2O on to the ZnO surface which is 
more thermodynamically favourable followed by gentle reduction to give desired interface.324 
Catalytic performance 
As seen through the results presented above and summarised in Table  4.2, although all these 
methods succeeded to some extent in forming an active methanol synthesis catalyst, the route in 
which the catalyst was generated resulted in vastly different catalyst activities. The main 
explanation is simply that different methods of catalyst formation result in different sizes and 
dispersions of copper with the ZnO, which is key to forming the SMSI effect responsible for 
generating methanol. Thus, the thermal decomposition of CuH which resulted in large copper 
flakes separate from the ZnO was a lot less active than the catalyst generated by the reduction of 
mesitylcopper(I) which generated small copper clusters, well interspersed amongst the ZnO 
nanoparticles. However, in some cases the reason for the difference in catalyst activity is more 
nuanced, the hydrazine reduction of bis(stearate) copper was only half as active as the one 
generated by hydrogen reduction despite the two catalysts having a seemingly similar size and 
dispersion of copper.      
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Table  4.2 Summary of key results from this chapter 
Reaction Type Copper 
Precursor 
ZnO 
source 
Ratio 
Cu: Zn
a
 
Reducing 
agent
b 
Ligands 
(equiv.)
c 
Peak 
Activity
d
 
Thermolysis (A) CuH ZnEt2 50:50 ~ DOPA (0.2) 3.4 
Thermolysis (A) CuMes ZnO 
NPe 
50:50 ~ DOPA (0.2) 19.9 
Reduction (B) Cu(Stearate)2 ZnO 
NPe 
50:50 Hydrazine DOPA (0.2) 28.0 
Reduction (B) Cu(OAc)2 ZnO 
NPe 
50:50 Phenylsilane DOPA (0.2) 7.4f 
Reduction (E) CuMes ZnO 
NPe 
30:70 H2 DOPA (0.2) 57.7 
Reduction (E)  CuMes ZnO 
NPe 
40:60 H2 DOPA (0.2) 
+ Stearate 
(0.5) 
60.1 
Mixed 
Nanoparticles 
(G) 
Cu NP ZnO 
NP 
35:65 ~ DOPA (0.2) 
+ Stearate 
(2) 
37.6 
Reference 
Cu/ZnO/Al2O3* 
- - 65:35* - - 49.7 
 a) molar ratio of copper to zinc in the pre-catalyst. b) where appropriate c) equivalents of ligand relative to zinc 
oxide including the ligand on the ZnO surface d) peak activity in the first 3 hours of the reaction under standard 
conditions, measured in mmolMeOH/gCuZnh. e) ZnO nanoparticles with dioctylphosphinate surface ligand, synthesised 
as discussed in chapter 3. f) As by-product from reaction could not be quantified or removed, measured as 
mmolMeOH/gcath where the catalyst weight includessiloxy by-products.*See materials and methods chapter for details 
of reference Cu/ZnO/Al2O3 catalyst preparation and testing.  
During the CO2 hydrogenation reaction, the situation is even more complicated. As described 
earlier, the increased thermal energy as well as the reducing atmosphere can alter the very 
structure of the nanoparticles and the reactive gases can affect their surface chemistry.145 
Cu/ZnO nanostructured catalysts tend to sinter under such situations without the presence of 
stabilising agents, (hence the presence of alumina in the industrial catalyst).325 For the colloidal 
catalysts, the ligand is also required to act as an anti-sintering agent. As discussed in the previous 
chapter, a ligand is required that will not itself be involved in the reaction; however, any ligand 
in its very nature will be interacting with the catalyst surface and is thus competing with the 
reactive gases. This effect is seen most clearly when HDA was added to the reduced 
mesitylcopper(I) catalyst and the activity of the catalyst was seen to almost halve. Most studies 
now agree there are in fact specific active sites responsible for the hydrogenation reaction, these 
sites are unlikely to be evenly dispersed across the catalyst, so it is probably the case that some 
ligands compete more than others with the actual reactants. The similarity of carboxylate 
moieties to some of the intermediates in the reaction, are another reason why they are poor 
ligands for this reaction. Di-alkyl phosphinates appear to be better ligands, although still not 
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entirely effective in preventing some nanoparticle growth. There is certainly an opportunity for 
further study of the role of different ligands and their effect on catalyst behaviour.      
As can be seen in the table above, the catalyst formed through the hydrogenolysis of 
mesitylcopper(I) is considerably more active than the mixed nanoparticle catalyst discussed in 
the previous chapter. The reason for this increase is two-fold; whilst in the mixed catalyst some 
of the nanoparticles did rearrange to form an active hybrid interface, other nanoparticles simply 
ripened and aggregated lowering the active surface area. By directing the growth of the copper 
nanoparticles on to the ZnO surface through the reaction of mesitylcopper(I) with the ZnO 
surface groups, more of the copper nanoparticles form an interface with the ZnO and the activity 
is maximised. Furthermore, by depositing copper on the metal oxide support in this way, the 
copper nanoparticles retain their small size increasing the active surface area.    
Comparing catalyst activity to similar colloidal catalysts in the literature is difficult due to a lack 
of standard conditions. As discussed in the introduction to this chapter, the best indication of the 
relative performance of the catalyst is by comparison with a benchmark catalyst run under the 
same conditions. The common benchmark catalyst is a slurry of the commercial ternary catalyst 
(Cu/ZnO/Al2O3). Table  4.2 shows that the best catalysts formed in this chapter demonstrated a 
modest increase in activity (>10%) relative to the commercial catalyst under these conditions. 
Although it is best not to make too many comparisons with the industrial catalyst itself, as it is 
intended to be used under significantly different conditions, the relative activity indicates that the 
catalysts prepared from mesitylcopper(I) hydrogenolysis are amongst the best catalysts reported 
for methanol synthesis to-date. However, there is still much more work to be done, in terms of 
studying the catalyst under conditions nearer equilibrium and over longer periods. 
Catalyst deactivation 
Most of the catalysts studied showed a peak activity after a few hours followed by a slow 
deactivation of the catalyst. Studies of industrial catalysts have shown that aside from a few key 
poisons, which are unlikely to be present in our reactor, the main cause of catalyst de-activation 
is due to sintering of the nanoparticles.325 These industrial catalysts are reported to remain highly 
active from weeks to years, and operate under much slower flow rates, so a comparison to the 
deactivation witnessed over the course of 15 hours would be imprudent (furthermore, industrial 
catalysts also deactivate over the first few hours of use).326 However, the general gist, that 
copper is subject to thermal sintering through surface migration, exacerbated by the small 
particle size still applies.327 Ligands are more labile and less effective than the metal-oxide 
physical spacers used industrially, so sintering is likely to occur and can be considered the main 
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cause of the catalyst deactivation generally noted.  Another possible source of deactivation in 
this system is the water build up in the reactor, both the methanol synthesis reaction (Equation 
1.1b) and the water gas shift reaction (Equation 1.1c) generate water. Although the reaction is 
not at equilibrium, so this, is not expected to have an effect on methanol synthesis activity, the 
high latent heat of evaporation of water means that it is not evaporated efficiently from the 
system. Researchers have observed that water, together with CO2, can slowly convert the 
Cu/ZnO catalyst into a mineral called rosasite, (Cu,Zn)2(CO3)(OH)2 and increased water content 
has been found to correlate with copper crystallite growth.76,325 In a hydrophobic solvent, such as 
squalane, water is likely to gather near the surface of the catalyst particles which may accelerate 
this process.  
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Conclusion  
This chapter explores different ways of preparing a Cu/ZnO hybrid colloidal nanoparticle, in 
particular by deposition of copper onto a pre-formed ZnO nanoparticle. Whilst the thermal 
decomposition of copper hydride was not successful, mesitylcopper(I) was more efficacious. 
The hydrolysis of the mesitylcopper(I) by surface bound hydroxyl groups, seems like a 
constructive method to nucleate copper formation on the ZnO surface. A method of stabilising 
the copper nanoparticles once they have formed on the ZnO and prevention of further ripening 
would be beneficial.  
The reducing agent phenylsilane, produced hybrid structures, however they were not of the 
composition or in the size regime desired and ultimately proved to be poor catalysts. Hydrazine 
proved to be a cleaner, and hence better reducing agent, although its strength possibly reduced 
the phosphinate ligand and maybe the ZnO itself, resulting in ZnO nanoparticle ripening and a 
lower catalytic activity.  
The most successful method appeared to be the hydrogen reduction of mesitylcopper. Once 
again the protonation of some of the mesitylcopper(I) onto the ZnO to seed growth, may have 
been an important factor in the increased activity over other systems. Further experiments to 
determine the effect of Cu:Zn ratio produced unexpected results which highlighted the 
importance of ligands in creating highly stable and active catalyst systems. Some additional tests 
to support this conclusion, indeed confirmed that ligands play an important part in the activity of 
the catalyst. There is certainly still room for optimisation of this system to enable a highly active 
catalyst with long term stability utilising the correct choices of ligand.  
The studies above attempted to study the pre-catalysts and the recovered catalysts using a 
combination of UV-Vis spectroscopy, XRD, DLS as well as using  electron microscopy 
techniques including bright-field TEM imaging, HAADF-STEM imaging and EDX analysis. 
These techniques were certainly useful in providing a lot of information about the catalyst, 
especially with regard to its nanoparticulate nature. However the techniques employed, struggled 
to really provide solid evidence of the Cu-ZnO interface, especially in the bulk. A particular 
hindrance, in this regard, has been the squalane solvent, owing to the nature of the solvent it is 
difficult to extract the catalyst from the solvent. Traces of the solvent can affect characterisation, 
which is particularly problematic in electron microscopy where organic contaminants can 
obscure the image, limit the resolution and prevent accurate analysis of the sample. Another 
solvent, which remains inert and not too volatile under catalyst testing conditions, but is more 
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easily removed after catalysis would enable much higher resolution analysis techniques such as 
STEM-EELS which can give atomic resolution chemical characterisation.   
Other authors have utilised some specialised techniques such as Raman scattering spectroscopy 
which is expected to show amplified copper scattering relative to the naked ZnO, and carbon 
monoxide vibrational frequency studies which displays a unique infrared absorption peak when 
adsorbed onto the Cu-ZnO interface. Furthermore, photo-luminescence spectra can be used to 
indicate changes to the defect structure of the ZnO caused by interfacial contact with copper, 
although the spectra can also affected by surface ligands.  
As discussed in the previous chapter (Chapter 3), whilst the current reactor accurately measures 
the methanol synthesis activity, other aspects of the reaction would also be interesting to 
monitor. Future studies of these catalysts should also be studied, with a reconfigured GC setup to 
determine the CO2 consumption, the selectivity towards methanol versus carbon monoxide and 
any other possible side products. Furthermore, whilst the activity per gram of catalyst is a useful 
measure, bearing in mind the different size compositions of the catalysts prepared in this chapter, 
an accurate measure of the surface area of the colloidal catalyst, before and after the reaction, in 
solution would be an important development for any future work.  
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  Chapter 5
 
 
Conclusion 
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Summary and outlook 
In this thesis, nanoparticles were synthesised from organometallic precursors to form ligated 
colloidal species active in the hydrogenation of carbon dioxide to methanol.  
Chapter 2 focussed on the synthesis of colloidal zinc oxide nanoparticles, using the hydrolysis of 
diethylzinc, in the presence of capping ligands. It was demonstrated that the careful addition of 
water to a dilute solution of diethylzinc, containing a sub-stoichiometric quantity of an acidic 
ligand, resulted in zinc oxide nanoparticles with the ligand capping the surface. A range of 
spectroscopic (NMR, IR, UV-Visible), microscopic (TEM) and other (XRD, DLS, TGA) 
techniques were used to characterise the nanoparticles which showed that the nanoparticles 
consisted of uniformly small (3-5 nm), equiaxial, Wurtzite zinc oxide. Nanoparticles were 
prepared with different ligand types and it was established that alkyl-carboxylate, phosphinate 
and sulfinate ligands all produced nanoparticles of a similar size and morphology. However, 
changing the nature of the organic chain did give rise to differences; the short, rigid 
phenylsulfinate ligand resulted in polydisperse nanoparticles and polyethylene glycol 
carboxylate ligand lead to some anisotropy.  
Adjusting the quantity of the ligand in the reaction had no effect on the size or morphology of 
crystallite ‘core’. Analysis of the nanoparticles in the solid state with ATR-IR, demonstrated that 
changing the ligand did alter the way the ligand packs around the nanoparticle; using the longer 
chains and denser ligand packing resulted in crystalline domains, whereas the shorter octyl 
chains in the DOPA ligand remained more liquid-like. Furthermore examination of the TGA 
thermograms were used to demonstrate that that the ligand density around the nanoparticle could 
be manipulated by controlling the ratio of the zinc precursor to ligand loading present in the 
hydrolysis reaction (ligand density: 1.17 to 4.29 nm-2). These results enabled an estimation of the 
free, un-ligated zinc atoms available at the nanoparticle surface (12 to 84% of surface zincs were 
found to be ‘free’ depending on ligand loading). These surface zinc groups are proposed to be of 
importance for further functionalisation or as active sites in catalysis.   
Chapter 3 relates to use of colloidal nanoparticles as catalysts for the hydrogenation of carbon 
dioxide to methanol. The ZnO nanoparticles, mentioned above, were mixed with colloidal 
copper nanoparticles, produced from the hydrazine reduction of bis(stearate) copper(II) to form a 
catalytic mixture. This mixture successfully catalysed the hydrogenation of carbon dioxide to 
methanol with an activity matching that of a slurry of the industrial ternary catalyst under the 
same conditions (250 °C, 50 bar, 3:1 H2:CO2, 210 g(CO2+H2)g
-1
CuZnOh
-1, dispersed in squalane). 
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Furthermore, the ligand was shown to have a strong effect on activity and stability of the 
catalyst; utilising an ideal combination of reductively stable phosphinate capped nanoparticles 
together with stearate-capped copper nanoparticles led to the formation of a copper-ZnO 
interface without too much loss of surface area. In some cases, significant nanoparticle 
rearrangement and self-organisation was observed; inverse bowtie structures formed whereby a 
spherical copper nanoparticle formed an interface with the basal plane of tetrahedral zinc oxide 
nanoparticles. These structures, and similar structures in the literature are associated with higher 
activity. When the ZnO nanoparticles with a lower ligand density were used, higher peak activity 
was obtained (up to 52.4 mmolMeOHg
-1
CuZnOh
-1 for 0.05 equivalents of ligand on the ZnO), 
however the stability of the catalyst was decreased, whereas using a higher ligand density 
resulted in a lower peak activity but better stability (only 1% drop in activity over 10 hours for 
0.33 equivalents of ligand on the ZnO).  
In chapter 4, several thermolysis and reduction routes were explored with the aim of forming 
copper-ZnO colloidal hybrid nanostructures. The resulting nanostructures were characterised by 
various techniques (XRD, DLS, UV-Vis spectroscopy) and in particular utilising electron 
microscopy techniques (HR-TEM, STEM-EDX) to determine the interface between the copper 
and ZnO domains. The hybrid structures were also tested as quasi-homogeneous catalysts in the 
hydrogenation of CO2. The most successful route involved the hydrogenation of 
mesitylcopper(I) on the surface of pre-prepared colloidal ZnO nanoparticles. It is proposed that 
the hydrolysis of the copper precursor by Zn-OH surface groups, promotes the creation of a 
copper-ZnO interface. These hybrid structures are superior catalysts for CO2 hydrogenation to 
the ternary catalyst or the mixed nanoparticle catalyst. The catalyst activity could be further 
tuned through the adjustment of copper to zinc oxide ratio and ligand addition. In the best case, 
0.3 equivalents of copper precursor was mixed with the ZnO nanoparticles and then reduced 
(3 bar H2, 110 °C in toluene, 16 h), yielding a catalyst with a peak activity of 57.7 mmolMeOHg
-
1
CuZnOh
-1.  
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Future directions 
ZnO nanoparticle synthesis 
Although many methods exist for preparing zinc oxide nanoparticles, many of these routes either 
give rise to nanoparticles that do not disperse well in organic solvent or use high concentrations 
of ligands. These capping groups can limit diffusion to the surface of the nano-crystal and 
diminish the performance of these nanoparticles. The nanoparticles produced through the 
hydrolysis route discussed above can be produced with low ligand density, offering a good 
compromise between solubility and surface effects. Such nanoparticles could find uses in a range 
of applications; Parkin and co-workers have developed a “swell–encapsulation–shrink” method 
for incorporating nanoparticles into various polymers for the preparation of antimicrobial 
surfaces.328-330 In additional work, not described in this thesis, a collaboration was initiated by 
the author with researchers in the Parkin group; the di-octyl phosphinate capped ZnO 
nanoparticles (0.2 equiv. of ligand), described in chapter 2, were incorporated into a silicone 
polymer together with crystal violet dye.331 The ZnO embedded polymer demonstrated 
impressive antimicrobial activity, S. aureus bacterial numbers were reduced by 3.36 log with one 
hour’s incubation and E. coli bacterial numbers were reduced to below the detection limit in 
6 hours under white light illumination and 1.7 log without illumination.  
 
Figure  5.1a) Photograph of the zinc oxide nanoparticle encapsulated silicone sample and the crystal violet-coated, 
zinc oxide nanoparticle-encapsulated silicone sample. b) Cross sectional photograph of the zinc-oxide nanoparticle 
encapsulated, crystal violet-coated silicone sample. The sample dimensions are 1.1 x 1.1 x 0.1 cm © 2015 under 
CC-BY licence, Noimark et al.331 
The general synthesis; hydrolysing an organometallic complex in the presence of a ligand, is 
expected to form capped metal oxide nanoparticles for a range of different metal precursors. 
Indeed, work currently under progress has indicated that this reaction could also be useful in 
forming doped ZnO nanoparticles; the addition of small quantities of a second organometallic 
reagent such as dibutyl magnesium, or trimethyl gallium during the hydrolysis reaction formed 
ZnO nanoparticles with no evidence of a second phase (Figure  5.2). Such doped ZnO 
nanoparticles find applications in a range of optoelectronic as well as catalytic applications.332-334 
This preliminary work needs further experimentation and characterisation to elucidate the exact 
mechanism and where the second metal is situated within the nanoparticle crystal.   
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Figure  5.2 Reaction to produce doped ZnO nanoparticles by addition of a second organometallic reagent to the 
hydrolysis reaction   
Colloidal nanocatalysts for methanol synthesis  
A promising new quasi-homogeneous nanocatalyst system has been demonstrated, the catalysts 
show promise, matching conventional heterogeneous species under these conditions. The 
colloidal nanocatalysts developed have the benefits of control over the relative component 
loading as well as the ability to fine tune the reactions with the aid of the capping ligands.  
The process of the self-assembly of the copper and zinc oxide units, discussed above, is certainly 
interesting and could lead to a new method of nanocatalyst assembly. A careful study of the 
ligand interactions, both on the nanoparticle surface and between the ligands on different 
nanoparticles could result in better control and understanding of this process resulting in an 
improved interface and stabilisation. In the current system, although the zinc oxide nanoparticles 
are well defined, the copper nanoparticle synthesis leads to less effective size and shape control 
and results in excess ligand (two equivalents of ligand per copper), which may be undesirable. 
Development of better defined copper nanoparticles would be a first step in realising greater 
control over this reaction.  
Copper-zinc oxide catalysts have a number of active sites which catalyse different elementary 
reaction pathways. Experimental investigation the effect of different sites and facets on the 
nanoparticle, is the next step to improve understanding of the reaction mechanism. Such a study 
would ideally be conducted with an in-situ characterisation of the nanoparticle surface, however 
such methods are not trivial for the small surfaces involved, particularly at the extreme 
temperatures and pressures under which this catalyst is active. Two alternative methods which 
warrant further investigation are either the selective poisoning of specific sites or facets or the 
formation of nanoparticles of specific morphologies. Both of these routes will be extremely 
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informative as to the specific interactions (between reactant-catalyst as well as metal-support) 
leading to the desired product.  
In future, this project requires work to better understand the process conditions (reaction rates, 
diffusion limitations, solubilities) to develop higher yielding process for larger scale plants. An 
important aspect of the reaction, not yet investigated, is the selectivity of the catalysts towards 
methanol; in this thesis, only the hydrocarbon output was recorded, with the single product 
identified as methanol, with no traces of dimethyl ether, formic acid, methane or higher alcohols 
detected. However, the production of carbon monoxide, which is a possible side product through 
the reverse-water gas shift reaction was not measured. Since the completion of this project, the 
GC was reconfigured to enable carbon monoxide detection, allowing not only a better 
understanding of reaction selectivity but also permit a complete carbon mass balance so that 
carbon dioxide consumption can be calculated accurately. 
Building on the results reported in this project, a further component (such as a zeolite) can be 
added to the Cu/ZnO catalysts to enable the dehydration of methanol to dimethyl ether. 
Dimethyl ether has applications as a drop-in fuel and as a precursor to a range of hydrocarbons 
and olefins, so plays an important role in the methanol economy discussed in the thesis 
introduction.7 Moreover, there is much interest in the academic literature in creating catalysts for 
the one-pot reduction of carbon dioxide to dimethyl ether, as this overcomes the thermodynamic 
constraints which limits the yield of methanol under equilibrium conditions.   
Overall, for a sustainable methanol economy to be realised, the methanol synthesis reaction itself 
plays a small part in the bigger picture. For a truly sustainable process, the gas sources must be 
derived from renewable resources, therefore the integration of methanol synthesis plants with 
carbon capture and storage (CCS) processes should be considered. Sustainable sources of 
hydrogen can be obtained from solar powered photocatalytic splitting of water or 
electrochemical water splitting using off-peak power production. An initial assessment of the 
energy efficiency of the carbon dioxide hydrogenation reaction at different pressures has been 
undertaken by Tidona et al.335A full life cycle analysis (LCA) of the methanol synthesis process, 
and a comparison with the other existing and potential methods is part of the EPSRC Grand 
Challenge at Imperial and will reveal the best way forward for the development of sustainable 
methanol synthesis.336  
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Materials 
Solvents were distilled from either sodium or CaH2 and stored under nitrogen. Unless 
otherwise stated, solvents were degassed prior to use by performing at least three 
freeze-pump-thaw cycles. Squalane was degassed for nanoparticle synthesis by stirring under 
a high vacuum (1-3 x 10-2 mbar) for an hour, for catalytic testing the squalane was degassed 
by sparging in the reactor as described below.  
Diethylzinc (Sigma-Aldrich), phenylsilane (Sigma-Aldrich) and mesitylcopper(I) (Strem 
Chemicals) were bought commercially and stored in a sealed container in a nitrogen filled 
glove box, the latter was protected from light and stored in the glove-box freezer at -35 °C. 
Hydrazine (1.0 M in THF, Sigma-Aldrich) was stored under nitrogen and replaced regularly. 
Bis(stearate) zinc,143 bis(tolylsulfinato) zinc,206 copper hydride,291 bis(stearate) copper(II),337 
bis(dioctylphosphinate) copper(II)200 and di-octyl phosphinic acid189 were synthesised 
according to the  methods reported in the literature. Unless otherwise stated, all other reagents 
were purchased from commercial suppliers and used as received. 
The ternary reference catalyst was purchased from Alfa Aesar (45776, “Copper based 
methanol synthesis catalyst” composition CuO; 63.5 %, ZnO; 24.7 %, Al2O3; 10.1 %, MgO; 
1.3 %) and ground from pellet form to a fine powder using a pestle and mortar. 
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Characterisation techniques 
1
H-NMR spectra were collected on a Bruker AV-400 instrument at 400 MHz; samples were 
prepared in the stated deuterated solvent (Goss Scientific). Where air sensitive, the sample 
was prepared in the nitrogen filled glovebox using solvents that had been further dried over 
molecular sieves and degassed with three freeze-pump-thaw cycles. Peaks are referenced 
using residual solvent peaks.  31P{1H} NMR were determined at 162 Hz. 
The Diffusion-Ordered Spectroscopy (DOSY) NMR experiments were performed at 298K on 
a Bruker 500 AVANCE III HD NMR spectrometer operating at a frequency of 500.13 MHz 
for proton resonance under TopSpin (version 3.2, Bruker Biospin, Karlsruhe) and equipped 
with a z-gradient bbfo/5 mm tuneable “SmartProbe” TM probe and a GRASP II gradient 
spectroscopy accessory providing a maximum gradient output of 53.5 G/cm (5.35 G/cmA).  
Diffusion ordered NMR data was acquired using the Bruker pulse program ledbpgp2s with a 
spectral width of 5500 Hz (centred on 4.5 ppm) and 32768 data points. A relaxation delay of 
12 s was employed along with a diffusion time (large delta) of 100 ms and a longitudinal 
eddy current delay (LED) of 5 ms. Bipolar gradients pulses (little delta/2) of 2.2 ms and 
homospoil gradient pulses of 0.6 ms were used. The gradient strengths of the 2 homospoil 
pulses were -17.13% and -13.17%. 32 experiments were collected with the bipolar gradient 
strength, initially at 2% (1st experiment), linearly increased to 95% (32nd experiment). All 
gradient pulses were smooth-square shaped (SMSQ10.100) and after each application a 
recovery delay of 200 µs used. The experiment was run with 24 scans per increment, 
employing one stimulated echo with two spoiling gradients. 
DOSY plots were generated by using the DOSY processing module of TopSpin. Parameters 
were optimized empirically to find the best quality of data for presentation purposes. 
Diffusion coefficients were calculated by fitting intensity data to the Stejskal-Tanner 
expression. 
Infrared spectroscopy was carried out using a Perkin-Elmer Spectrum 100 Fourier 
Transform IR spectrometer using a resolution of 1 cm-1, an air background scan was 
performed and the sample was scanned four times then averaged by the instrument. Samples 
were ground to a fine powder and compressed for measuring with the Attenuated Total 
Reflection (ATR) accessory.   
Optical absorption spectra were collected on a Perkin-Elmer Lambda 950 
spectrophotometer in transmission mode. Samples were scanned across an appropriate range 
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(usually 300-800 nm) at a resolution of 1 nm. Air sensitive samples were prepared by diluting 
solutions with dry, degassed solvents (toluene or squalane) in a nitrogen filled glovebox and 
transferred to air-tight quartz cuvettes.   
Thermogravimetric analysis (TGA) were carried out using a Perkin-Elmer Pyris 1 TGA 
instrument. Sample mass; 1.5 mg, under a flow of nitrogen 323 to 1073 K, at a heating rate of 
10 Kmin-1, flow rate of 60 mLmin-1. 
Dynamic Light scattering (DLS) measurements were obtained using a Malvern Zetasizer 
Nano-S. The laser’s monochromatic beam was at 633 nm with a back-angle of 173°. 
Correlation functions were fitted automatically with Malvern Zetasizer Application Software 
v6.01 and the values presented are the average of at least 3 scans. The refractive index of the 
solvent, n, was either 1.496 (toluene) or 1.452 (squalane). Measurements were made using 
the same sample as the UV-Vis spectroscopy.  
Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) analysis was 
performed using a Perkin-Elmer Optima 2000 instrument. Samples were carefully prepared 
using volumetric flasks; the solid was weighed then dissolved in concentrated nitric acid 
(15.8 M, 5 mL) before dilution with HPLC grade water (195 mL). Note: the acid should be 
added to the water and not the other way around. Total fraction of each metal was between 5 
and 100 ppm of the sample. The final sample was filtered to remove any precipitated 
organics, samples were run in triplicate and averaged.   
Elemental analysis was carried out using a Carlo Erba CE1108 Elemental Analyser and 
samples manipulated under inert atmosphere (helium glovebag); analysis performed by Mr S. 
Boyer at London Metropolitan University, North Campus, Holloway Road, London. 
X-ray diffraction (XRD): was performed using an X’Pert Pro diffractometer (PANanalytical 
B. V., The Netherlands) and X’Pert Data Collector software, version 2.2b. The instrument 
was used in the theta/theta reflection mode, fitted with a nickel filter, 0.04 rad Soller slit, 
10 mm mask, 1/4° fixed divergence slit, and 1/2° fixed anti-scatter slit. Samples were 
analysed with a step size of 0.0042°, at a scanning speed of 0.028° s-1. The broadening due to 
instrument has been measured to be 0.07° 2θ and has been taken into account when 
calculating crystallite size. The diffraction patterns were analysed using Fityk (version 0.9.8; 
Marcin Wojdyr, 2010): the peaks were fitted to a Pseudo-Voigt function using the 
Levenberg−Marquardt algorithm, and the particle size was calculated using the fitted full-
width half-maximum and the Scherrer equation.  
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Transmission electron microscopy (TEM): Nanoparticle samples were drop-cast (toluene 
solution) onto 300-mesh gold grids with a 3 nm ultra-thin carbon film and carbon support 
(Agar Scientific, TAAB Laboratories Equipment). High resolution images were obtained 
with an aberration corrected FEI Titan 80/300 TEM at an operating voltage of 300 kV.  
Phase mapping was performed by using an in-house add-on script for Digital Micrograph 
(developed by Dr. Edward White) identifying peaks in the Fourier transforms of high 
resolution TEM images corresponding to the ZnO, Cu2O and Cu reflections. Peaks were 
selected with no overlap and are suitably resolved for accurate phase identification. 
Individual peaks are then masked to isolate signal corresponding to that particular reflection. 
The inverse Fourier transform of the masked FFT reveals that reflection’s contribution to the 
real space image, hence localizing the crystalline phase.  
Energy Dispersive X-ray (EDX) Spectroscopy analysis was performed using a 200 kV 
JEOL JEM-2100F TEM equipped with an Oxford X-Max 80 SDD EDX detector. The data 
were collected and analysed using the Aztec Software package (Oxford Instruments). 
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Synthetic methods 
Di-octadecylphosphinic acid
189 (Prepared by Chloe Lianos) 
1-octadecene (37.1 g, 146.9 mmol), hypophosphoric acid (4.66 g, 69.9 mmol), benzoyl 
peroxide (0.93 g, 3.85 mmol), ethanol (25 mL) and deionised water (4.67 g) were stirred and 
refluxed (97 °C) for 72 h. The resultant white precipitate was separated with hydrochloric 
acid (40.4 g, 1M) and toluene (20 mL) and dried by rotary evaporation to yield a white 
powder and oil. The powder was extracted by washing with cold acetone (40 mL). 
Purification was achieved by dissolution in chloroform (2 L) followed by acetone 
precipitation (1 L). The powder was isolated through gravity filtration 0.28 g (2.4%). 1H 
NMR (toluene-d8) δ= 9.18 (1H, br s, R2POOH), 1.65 (2H, m, HOOP(CH2(CH2)6CH3)2, 1.36 
(32H, t, P(OOH)(CH2(CH2)6CH3)2, 0.91 (3H, dd, P(OOH)((CH2)7CH3)2. 
31P{1H} NMR 
(toluene-d8) δ= 57.0 (s, R2POOH).ATR-IR (cm
-1): νas(C-H) 2913, νs(C-H) 2848, ν(P-OH) 
2161, ν(P-OH) 1671, ν(C-H) 1471, ν(P=O) 969, ν(P-C) 717. 
Bis(octadecylsulfinate) zinc
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1-Octadecanesulfonyl chloride (1.41 mmol) was heated to 65 °C in a round bottom flask 
under an atmosphere of nitrogen until it melted. Butan-1-ol (5 mL) and zinc powder 
(1.57 mmol, 1.11 equiv.) were carefully added and the reaction was heated to reflux at 
130 °C for 70 minutes. Excess zinc was removed by a hot filtration technique and once the 
solution had cooled distilled water was added (8 mL). The resulting precipitate was filtered 
off and washed with cold ethanol (2 x 5 mL) to yield a white powder 85 mg (17%).1H-NMR 
(DMSO-d6) δ= 0.85 (t, 6H, CH3), 1.1-1.4 (m, 68H, CH2), 1.55 (m, 4H, CH2CH3)  IR-ATR: ν 
= 940, 975, 1473 cm-1. Elemental Analysis (%): C 61.79, H 10.60 (Expected: 61.73, 10.67)   
MeO-PEG-COOH 
209 
Monomethyl terminated PEG MW 750 (Aldrich) (1.43 mmol) was suspended in acetone 
(10 mL) in a round bottom flask and cooled to -15 °C. In a separate ice-chilled vessel, Jones’ 
reagent was prepared by dissolving CrO3 (2.14 mmol) in concentrated sulphuric acid 
(214 µL) and distilled water (1 mL). The Jones’ reagent was added dropwise to the PEG 
suspension forming an orange solution and stirred for 30 minutes at -15 °C, then stirred for a 
further 16 hours at 25 °C forming a blue precipitate. The reaction was quenched by adding 
isopropanol (2 mL) followed by distilled water (10 mL) and activated charcoal. The solids 
were removed by filtration and the volatiles were removed to give a concentrated blue 
aqueous solution. The product was extracted with chloroform (3 x 50 mL) and dried over 
Na2SO4. Upon removal of the solvents a clear oil was obtained. Yield 1.09 g (99%), 
1H-NMR 
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(CDCl3) δ= 3.37 (s, 3H, CH3O-), 3.5-3.8 (m, 57H, OCH2CH2O), 4.14 (s, 2H, OCH2-CO2H). 
IR-ATR see main text. Before further manipulation, the product was further dried by 
azeotropic distillation from acetonitrile and then stored in a nitrogen filled glove box.   
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ZnO nanoparticles 
As described in Chapter 2, zinc oxide nanoparticles could be prepared in one of two ways 
(Figure 2.8): In method A, the nanoparticles were prepared from a mixture of diethylzinc and 
a zinc salt (such as bis(stearate) zinc), following the method of Orchard et al.144 In method B, 
the nanoparticles were prepared directly from a mixture of diethylzinc and the organic acid 
ligand (e.g. dioctyl phosphinic acid). Both of these reactions mixtures are proposed to form 
the same ethylzinc clusters resulting in the same product. The resulting nanoparticles were 
characterised by UV-Vis, NMR and IR spectroscopy in addition to TEM, XRD, TGA 
characterisation as discussed in detail in the main text.  
Example of method A: 
Bis(dioctylphosphinate) zinc (0.31 mmol, 200 mg) was dissolved in a solution of diethylzinc 
(9 equiv., 2.80 mmol, 0.35 g) in toluene (18 mL, 0.15 M). The solution was stirred for 16 
hours then a solution of water (5.60 mmol, 101 mg, 2 equiv. to Et2Zn) in acetone (7.0 mL, 
0.4 M) was carefully added anaerobically under rapid agitation and left stirring for 2 h. 
Further acetone was added until no further precipitation was observed and the precipitate was 
collected by centrifugation (20 min, 3900 rpm). The resulting precipitate was further washed 
by two cycles of re-suspending the product in toluene (5 mL) and precipitation with acetone 
(15 mL) collected by centrifugation. The final product was left to dry for over 16 h in a fume 
hood to yield a white powder. Yield = 0.37 g (87%) 
Example of method B: 
Dioctyl phosphinic acid (1.72 mmol, 500 mg) was dissolved in a solution of diethylzinc 
(5 equiv., 8.61 mmol, 1.06 g) in toluene (58 mL, 0.15 M). The solution was stirred for 16 
hours then a solution of water (17.22 mmol, 310 mg, 2 equiv. to Et2Zn ) in acetone (43 mL, 
0.4 M) was carefully added anaerobically under rapid agitation and left stirring for 2 h. 
Further acetone was added until no further precipitation was observed and the precipitate was 
collected by centrifugation (20 min, 3900 rpm). The resulting precipitate was further washed 
by two cycles of re-suspending the product in toluene (5 mL) and precipitation with acetone 
(15 mL) collected by centrifugation. The final product was left to dry for over 16 h in a fume 
hood to yield a white powder. Yield = 1.10 g (92%) 
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Table  6.1 ZnO nanoparticle synthesis using method A 
Ligand Ligand 
(mmol) 
ZnEt2 
(mmol) 
Toluene 
(mL) 
Lig/Zn 
molar 
ratio 
Conc. 
(mmolZnEt2/mLtol) 
Yield 
(mg) 
Zn(DOPA)2 0.31 1.55 10 0.33 0.15 167 
Zn(DOPA)2 0.31 2.80 18 0.20 0.15 370 
Zn(O2SC18)2 0.07 0.64 4 0.20 0.15 53 
Zn(O2SPhMe)2 0.40 3.59 24 0.20 0.15 113 
Zn(stearate)2 0.88 8.00 53 0.20 0.15 846 
 
Table  6.2 ZnO nanoparticle synthesis using method B 
Ligand Ligand 
(mmol) 
ZnEt2 
(mmol) 
Toluene 
(mL) 
Lig/Zn 
molar 
ratio 
Conc. 
(mmolZnEt2/mLtol) 
Yield 
(mg) 
DOPA-H 0.69 2.07 14 0.33 0.15 98 
DOPA-H 0.52 2.07 14 0.25 0.15 190 
DOPA-H 1.72 8.61 58 0.20 0.15 1100 
DOPA-H 1.03 7.75 52 0.13 0.15 860 
DOPA-H 0.34 3.44 23 0.10 0.15 318 
DOPA-H 0.34 6.89 46 0.05 0.15 714 
DODPA-H 0.18 0.88 6 0.20 0.15 160 
Stearic acid 0.30 3.00 20 0.10 0.15 456 
MeO-PEG-
COOH 
0.26 1.30 9 0.20 0.15 180 
 
Table  6.3 Summary of size analysis data for different loadings of DOPA capped ZnO. *The sample with a 0.05 
equiv. of DOPA was too poorly soluble to obtain a UV-Vis spectrum, which will may also effect the TEM 
analysis. a) based on fitting of the (101) peak.  
DOPA/Zn XRD
a
 UV-Vis TEM  
0.33 3.4 3.5 3.2 
0.25 3.2 4.2 3.5 
0.2 3.2 3.6 3.6 
0.13 3.5 3.6 5.7 
0.1 3.4 4.4 3.9 
0.05 3.4 * 1.9 
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Copper and Cu/ZnO hybrid nanoparticles  
Copper and hybrid nanoparticles were prepared as follows, the resulting products were 
characterised using UV-Vis spectroscopy as well as TEM, XRD, DLS and ICP-OES as 
discussed in the main text.  
Stearate capped copper nanoparticles 
Bis(stearate) copper(II) (0.103 mmol, 103 mg) was suspended in squalane and left stirring 
under a high vacuum (1-3 x 10-2 mbar) for an hour to remove any solubilised gas. The blue 
suspension was backfilled with nitrogen and heated to 90 °C to give a clear blue solution. The 
solution was allowed to cool and hydrazine solution (2.1 equiv., 0.33 mL, 1.0 M in THF) was 
rapidly added anaerobically and left rapidly stirring for 16 hours at 65 °C, during which time 
it developed a dark red/ brown colour. Excess hydrazine and THF were removed by further 
stirring under high vacuum leaving a solution of copper nanoparticles capped with stearate 
ligands.   
DOPA capped copper nanoparticles 
Synthesised as per the stearate capped copper nanoparticles, replacing the bis(stearate) 
copper(II), with the carefully dried bis(dioctylphosphinate) copper(II).  
Thermolysis of copper(I) hydride on ZnO 
Freshly prepared copper hydride (0.5 mmol, 33 mg) was prepared and washed with ice-
cooled, degassed water, ethanol and diethyl ether (3 x 5 mL) and then dried under a gentle 
flow of nitrogen. The copper hydride was suspended in 5 mL of toluene and added to a hot 
solution (80 °C) of dioctyl phosphinate capped ZnO nanoparticles (0.5 mmol, 69 mg) in dry, 
degassed toluene (5 mL). The mixture gently bubbled and was left stirring for 16 hours 
resulting in a grey precipitate, which was collected by centrifugation.  
Diethylzinc reduction of copper(I) hydride  
Copper hydride (1 mmol, 66 mg) was prepared and washed as above in a Schlenk flask, 
cooled in an ice-bath. A solution of diethylzinc (1 mmol, 102 µL) and DOPA-H (0.2 mmol, 
58 mg) in toluene (20 mL) was added under rapid agitation. The ice bath was removed and 
the solution was heated to (80 °C) for 90 min until all bubbling had ceased, resulting in a dark 
suspension. The solvent was removed under vacuum resulting in a dark purple powder.  
Thermal decomposition of mesitylcopper(I) onto ZnO 
In a typical experiment, dioctyl phosphinate capped ZnO nanoparticles (0.19 mmol, 26 mg) 
were dried under a strong vacuum for an hour to remove any residual water from the surface 
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and then dispersed in dry, degassed toluene (10 mL). A solution of mesitylcopper(I) (0.19 
mmol, 35 mg) in toluene (10 mL) was added and stirred rapidly for 2 hours. The solution 
went from yellow to orange to brown. The solution was heated to 70 °C for a further half an 
hour and volatiles were removed under vacuum leaving a brown residue, which could be re-
suspended in organic solvents. 
Hydrazine reduction of bis(stearate) copper(II) onto ZnO  
A mixture of dioctyl phosphinate capped ZnO nanoparticles (0.56 mmol, 78 mg) and 
bis(stearate) copper(II) (0.28 mmol, 176 mg) was added to a Schlenk flask and degassed with 
three cycles of vacuum and nitrogen purge. Degassed toluene (10 mL) was added and the 
suspension was heated to 70 °C, before adding hydrazine solution (2 equiv., 0.6 mL, 1 M in 
THF) under rapid agitation. The solution rapidly changed colour from blue to dark brown 
accompanied by gentle bubbling and was left stirring at 60 °C for 90 minutes.  
Hydrosilane reduction of bis(acetate) copper(II) onto ZnO
317
  
A mixture of dioctyl phosphinate capped ZnO nanoparticles (0.55 mmol, 77 mg) and 
bis(acetate) copper(II) (1 equiv, 100 mg) was dispersed in pentane (11 mL) to give a 
turquoise solution. Phenylsilane (4 equiv., 271 µL) was added under agitation and the 
solution rapidly became dark blue in less than a minute. The reaction was left stirring for a 
further hour before removal of volatiles under vacuum to yield a dark residue.  
In a second iteration, the experiment above was repeated with an additional DOPA-H ligand 
(0.2 equiv, 32 mg) added to the initial mixture. The rest of the reaction was carried out as 
above. 
Hydrogenation of mesitylcopper(I) on to ZnO 
In a typical experiment, dioctyl phosphinate capped ZnO nanoparticles (0.82 mmol, 114 mg, 
DOPA/Zn = 0.2) were dried under a strong vacuum for an hour to remove any residual water 
from the surface and loaded into an Ace pressure tube (fitted with a plunger valve) together 
with a solution of mesitylcopper(I) (0.33 mmol, 59 mg, 0.4 equiv.) in dry, degassed toluene 
(15 mL). The solution was stirred for 15 min and the vessel was transferred to a custom built, 
steel vacuum gas manifold (Schlenk line) fitted with hydrogen gas up to 4 bar of pressure. 
The solution was purged with hydrogen and pressurised to 3 bar. The sealed vessel was 
transferred to an oil bath set to 110 °C rapidly changing from yellow to dark red in colour and 
left (behind a blast shield) to stir for 16 hours. The solution was removed from the oil bath 
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and allowed to cool to 25 °C, then excess pressure carefully released. To obtain a solid, the 
volatiles were removed under vacuum.  
Table  6.4 Hybrid nanoparticles prepared from hydrogenation of mesitylcopper(I) on to DOPA-capped ZnO 
nanoparticles.*  ligand added after.   
ZnO 
(mmol) 
DOPA/Zn Cu 
(mmol) 
Cu/Zn Toluene 
(mL) 
Conc. 
(mgCuZnO/mL) 
Extra 
ligand 
0.90 0.2 0.18 0.2 15 10.52  
0.82 0.2 0.25 0.3 15 10.58  
0.82 0.2 0.33 0.4 15 11.58  
0.69 0.2 0.34 0.5 15 10.59  
0.90 0.2 0.54 0.6 15 14.88  
0.82 0.2 0.33 0.4 15 11.58 2 HDA* 
0.82 0.2 0.33 0.4 15 11.58 0.5 StA 
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Catalytic testing  
High purity reactant gases were purchased from BOC (nitrogen zero grade 99.998%, carbon 
dioxide CP grade 99.995% and hydrogen zero grade 99.995%). Flow was controlled by mass 
flow controllers (MFC) at set rates according to the configuration in Figure  6.2. Catalytic 
runs were conducted in a 300 mL (Parr, stainless steel) continuous-flow stirred-tank reactor 
(CSTR). The squalane solvent was degassed in the reactor by sparging at 298 K, under a flow 
of N2 (350 mLmin
-1), for 30 minutes. Whilst under the flow of N2, the pre-catalyst was added 
(such that the total solvent volume = 100 mL) and stirred at 298 K (agitation speed of 
1250 rpm) for a further 10 minutes. The reactor was then charged with the reaction gas 
mixture (H2:CO2 3:1) and the vessel heated to the reaction temperature (523 K). The reactor 
pressure was set at 50 bar, controlled with a back-pressure regulator (BPR) and the combined 
flow rate was maintained at 166 mLmin-1. The reactor was run at a high flow rate, such that 
the reaction was far below equilibrium conditions and low overall consumption of the 
reactive gases (CO2 conversion was found to be less than 5%, even in the most active 
catalysts, in parallel studies in the same reactor).250  
The product flow and unreacted material was monitored at regular intervals by an in-line Gas 
Chromatograph (Bruker 450-GC), using a PACKED SS COL 1/8 " x 2 m Porous Polymer 
(Hayesep Q) 80/100 and a molecular sieve column (13X). The GC was equipped with 
thermal conductivity and flame ionisation detectors (TCD and FID) fitted in series. To avoid 
any product condensation during the experiments, the lines from the reactor to the injection 
valve of the gas chromatograph were kept at 453 K.  
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Figure  6.1 CSTR Parr reactor with heating mantle and back-pressure regulator. 
 
 
Figure  6.2 Reactor setup: Gas flow was controlled by the mass flow controllers (MFC) and mixed before 
entering the continuous-flow stirred-tank reactor (CSTR), a back pressure regulator (BPR) controlled the flow 
out of the reactor while maintaining the desired pressure. Exiting gases were analysed by an in-line GC before 
being suitably vented.  
  
210 
 
Activation of the ternary catalyst  
The ternary catalyst (ca. 0.03 g) was ground to a powder and suspended in squalane (100 mL) 
and pre-reduced at 200 mLmin-1 in a diluted hydrogen stream (5% H2 in N2) at 4.5 bar and 
513 K (ramp 2 Kmin-1) for 3 hours, using the standard activation protocol for the in-situ 
reduction of the ternary Cu/ZnO/Al2O3 catalysts in slurry reactors.
77  
Catalytic activity 
The GC detector was calibrated using a range of methanol concentrations so as to enable 
interpolation of the methanol concentrations obtained using the nanocatalysts.  
Methanol rate (FMeOH mmolMeOH/gCuZnOh) was determined using the following equation: 
$%&'(  )%&'( × +,-..	/0	)1234 
Where CMeOH is the methanol concentration in the outlet stream (mmolL
-1) and Q is the outlet 
flow (Lh-1). Based on the literature consensus that ZnO is an active part of the catalyst and 
not just a support, the methanol rate was determined relative to the total of mass of copper 
and zinc oxide in the catalyst.35,45  
As discussed in chapter 3, previous research has shown that the methanol synthesis reaction 
is sensitive to the space velocity of the reactant gases per mass of catalyst.257 The mass of 
catalyst loaded into the catalyst was generally maintained within the range 0.25-0.35 gdm-3 
however, for an accurate comparison of activity, the resulting peak activity was adjusted 
against a calibration curve (Figure 3.17) so remove any space velocity effects. Unless 
otherwise stated, the combined flow rates of the gases was held at a constant 166 mLmin-1 for 
all experiments the constant weight hourly space velocity (WHSV) of 
212 g(CO2 + H2)g
-1
CuZnOh
-1 
A post-catalysis aliquot was extracted anaerobically and transferred to air tight quartz UV-
Vis cuvette for optical absorption and DLS analysis with any further manipulation. For other 
characterisation techniques (XRD, TEM), the post reaction solution was withdrawn from the 
reactor, precipitated using acetone, centrifuged, and washed with acetone before deposition 
on an XRD zero-background holder or TEM grid.  
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Appendix 
Surface coverage calculation: 
The theoretical total surface area (ST) of the samples is given as:  
56  57 	× 87 
where SP is the surface area per particle and NP is the total number of particles, given by:  
87 	39:97  
where n is the number of moles of ZnO, Vm is the molar volume of ZnO (1.4353 × 10
25 
Å3mol-1) and VP is the volume per particle. Assuming that the particles are perfect spheres, 
rearranging equations 1 and 2 gives:  
5657 
39:97 →
564=> 	 39:?43=>A
	→ 56 	339:>  
where r is the radius of the particles (which is assumed to be 1.75 nm based on XRD, UV-Vis 
and TEM measurements).  
The number of moles of ligand per mole of ZnO, nc, for each sample was calculated from the 
organic content measured by TGA:  
3B 
CD' E'F G
CDH EHF G
 
where WO, Wi are the weight percent (wt%) of, respectively, and MO and Mi are the molecular 
weight of the organic and that of ZnO respectively.  
The surface area per phosphinate molecule was estimated as 22.2 Å2 using the method of 
Cooper et al.215 based on the calculated head group surface area of a phosphinate based on 
the literature bond lengths and bond angles of P-O and O-P-O respectively.216  
Assuming that all the phosphinates are bound to the surface and form a close packed 
monolayer, the theoretical surface area that could be occupied by phosphinate groups, SS was 
then calculated as:  
5I  2 × 3J × 22.2Å 
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where Z is Avogadro’s number, and nC  is the number of moles of phosphinate (calculated 
from the total organic content). The ratio of SS to ST gives the percentage coverage. 
Estimation of the number of surface atoms per nanocrystal were calculated based on the 
discussion in Valdez et al.203 using the method of Kuno,213 bearing in mind the average Zn--‐
O bond length in wurtzite ZnO is 2.0 Å. The volume of a unit cell of ZnO is 0.04766 nm3, 
with two ZnO units per unit cell. 
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